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Background: Abundant work indicates ADHD abnormal posterior brain structure and func- 
tion, including abnormal structural and functional asymmetries and reduced corpus callo- 
sum size. However, this literature has attracted considerably less research interest than 
fronto-striatal findings. 

Objective: To help address this imbalance, the current study replicates and extends our 
previous work showing abnormal parietal brain function in ADHD adults during the Conner's 
Continuous Performance Test (CPT). 

Method: Our previous study found that ADHD adults had increased rightward EEG beta 
(16-21 Hz) asymmetry in inferior parietal brain regions during the CPT (p = 0.00001), and 
that this metric exhibited a lack of normal correlation (i.e., observed in controls) with beta 
asymmetry at temporal-parietal regions. We re-tested these effects in a new ADHD sam- 
ple and with both new and old samples combined. We additionally examined: (a) EEG 
asymmetry in multiple frequency bands, (b) unilateral effects for all asymmetry findings, 
and (c) the association between EEG asymmetry and a battery of cognitive tests. 

Results: We replicated our original findings by demonstrating abnormal rightward infe- 
rior parietal beta asymmetry in adults with ADHD during the CPT and again this metric 
exhibited abnormal reduced correlation to temporal-parietal beta asymmetry. Novel analy- 
ses also demonstrated a broader pattern of rightward beta and theta asymmetry across 
inferior, superior, and temporal-parietal brain regions, and showed that rightward parietal 
asymmetry in ADHD was atypically associated with multiple cognitive tests. 

Conclusion: Abnormal increased rightward parietal EEG beta asymmetry is an impor- 
tant feature of ADHD. We speculate that this phenotype may occur with any form of 
impaired capacity for top-down task-directed control over sensory encoding functions, 
and that it may reflect associated increase of attentional shifting and compensatory 
sustained/selective attention. 
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INTRODUCTION 

If a person wants to find an apple "to eat" on a cluttered coun- 
tertop, it is task-adaptive to identify that stimulus using the min- 
imal sensory detail required. Here, the apple's constituent esthetic 
characteristics and/or peripheral information are task-extraneous. 
Alternatively, if an artist wants to paint a still-life portrait of said 
apple, they should indulge as much sensory detail as possible. One 
approach seeks to identify a stimulus using the minimal sensory 
detail required. The other seeks to indulge as much detail as possi- 
ble in order to generate a prolonged sensory immersive experience. 

Our current line of research began with the simple precept 
that the first of these approaches ("to identify a stimulus") is 
critical for task-directed actions, and that mobilizing this task- 
specialized manner of information processing likely depended on 
the coordinated functioning of multiple distributed brain systems, 
such as: (1) verbal working memory (VWM) to sequence, direct, 



maintain, and update task directives [with possible support from 
spatial working memory (SWM) to model integrated plan steps] 
(1-4), (2) SWM to generate predictive sensory models to help 
bias downstream processing toward task stimuli (5, 6), (3) fast 
perceptual identification of task-relevant content (7, 8), and (4) 
translation of that identified content into verbal articulatory codes 
that can be readily integrated with, and used to update, task-plans 
in VWM (9). 

We hypothesized that the coordinated functioning of such 
elements formed an emergent task-directed brain-system or 
neural context that optimized multiple distributed brain func- 
tions toward task-directed actions (i.e., a task-directed neurocog- 
nitive network) (10, 11). We surmised that any impairment to 
this system, no matter the cause, should result in less efficient 
task-directed (top-down) control over sensory encoding, with 
an associated increased exposure to off-task sensory content. 
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More specifically, we expected this circumstance to result in a 
greater proportion of off-task content being perceptually engaged 
per incident of task-adaptive identification and verbal encod- 
ing of task-relevant stimuli, and that this would be indexed by 
an increased weighting of right hemisphere (RH) biased visuo- 
perceptual versus left hemisphere (LH) biased verbal sensory 
encoding during task challenges (11). 

We first examined this hypothesis in ADHD adults using behav- 
ioral laterality paradigms. These demonstrated: an ADHD bias 
toward non-verbal sensory encoding, greater RH contribution 
to processing task stimuli, associated linguistic impairments, and 
abnormal interhemispheric interaction (12, 13), and further spec- 
ified that this pattern could be modulated via top-down atten- 
tional resources (13), bore advantages for RH specialized abilities 
(13), and impacted high-order cognitive functions (14). Then, 
using fMRI and EEG we found that RH bias in ADHD was 
mainly evident during sub-executive operations (15), and that it 
exhibited: a unique developmental course among families heav- 
ily loaded for non-persistent ADHD (16), stronger expression 
with greater ADHD family loading (16), and stronger expression 
among carriers of the DRD4-7 repeat allele and other ADHD risk 
factors (unpublished). Finally, a robust and literature-consistent 
(17, 18) biomarker was identified. ADHD subjects showed highly 
significant rightward EEG high-beta (16-21 Hz) asymmetry in 
inferior parietal brain regions during the Conners' Continuous 
Performance Test (CPT) (19). 

Although not yet widely understood, these findings are well 
aligned with extant ADHD literature. Slow naming speed is iden- 
tified in ADHD (20-2 7 ) , which is consistent with impoverished LH 
relative to RH contribution to sensory processing. Previous behav- 
ioral laterality studies of ADHD have also indicated increased RH 
contribution (28, 29). Functional imaging studies at rest or dur- 
ing simple (i.e., sub-executive) challenges have shown a pattern 
of reduced LH (30-33), and/or increased RH contribution (15, 
34-37), and recent diffusion tensor imaging studies have reported 
greater RH parietal (38) and frontal (39) fractional anisotropy 
in ADHD. Moreover, a lack of normally occurring L > R asym- 
metry in prefrontal cortical convolution complexity has been 
reported (40), as well as increased RH visual cortex volumes (41). 
Finally, identified abnormal posterior corpus callosum size (42) 
andfunction (34,43-45) clearly implicates some form of abnormal 
integration of verbal and non-verbal sensory operations in ADHD. 

With complex executive function (EF) tasks the literature is 
more variable, showing diffuse effects mainly consistent with 
variable weaknesses across multiple brain systems (46-49). Nev- 
ertheless, several studies have shown a greater association between 
ADHD behavioral performance and right-sided brain structure 
and/or function (50-57), and EEG studies that directly examined 
activation asymmetry and/or left-RH differences have consistently 
shown an R > L pattern in posterior brain regions (16-19, 34, 35, 
37). Finally, a recent meta-analysis of ADHD functional imaging 
reported hyper-activation of the strongly right-lateralized ventral 
attention network (VAN), noting it may be related to increased 
bottom-up visuo-perceptual processing of task-extraneous stim- 
uli (58); and consistent with this Fassbender and Schweitzer 
(59), via an earlier review of ADHD brain imaging literature, 
also suggested that ADHD involves an increased reliance on 



neuroanatomy associated with visual/spatial and motoric (versus 
verbal) processing during task operations. 

Together, our studies and the above literature, implicate some 
form of abnormal increased weighting of RH non-verbal process- 
ing in ADHD. However, our conceptual framework suggests this 
phenotype may not be "ADHD specific" per se, but rather more 
broadly reflective of any form of impaired task-directed brain- 
system functioning. Consistent with this, rightward biased brain 
function has been reported across multiple circumstances linked 
to attention difficulties, and that are often comorbid with ADHD 
(e.g., anxiety, depression, sleep deprivation, novelty seeking, read- 
ing disability, etc.) (60-70). Accordingly, a primary challenge for 
our current line of research is to try to identify the specific form 
(or forms) of rightward biased processing and associated puta- 
tive task-directed brain-system impairments that most commonly 
underlie ADHD. 

To pursue this goal, we previously evaluated whether right- 
ward biased information processing in ADHD was distinct from 
the similarly described characteristic in reading impaired sam- 
ples (65). At that time, increased RH parietal EEG beta activity 
had been identified in dyslexia, sans attention impairment [for 
review see Ref. ( 7 1 ) ] , and in ADHD children, sans reading impair- 
ment (17). However, this outcome had not yet been established 
in ADHD adults. Our study filled this gap by showing that adults 
with ADHD had highly significant rightward beta ( 1 6-2 1 Hz) infe- 
rior parietal EEG asymmetry during the Conners' CPT, which 
could not be attributed to poor linguistic ability (19). This study 
also demonstrated that this characteristic was: (a) specific to the 
beta frequency band, (b) not normally associated (i.e., observed 
in controls) with immediately anterior temporal-parietal beta 
asymmetry, and (c) linked to better CPT performance. The beta 
band specificity of these effects supported the view that rightward 
parietal EEG asymmetry in ADHD was linked to some form of 
abnormal attention-directed information processing [for review, 
see Ref. (72-74)] that is sensitive to transitions between verbal and 
non-verbal sensory encoding functions (75, 76). 

The current study's goal was to replicate these EEG beta find- 
ings in a larger ADHD sample and extend these results by newly 
evaluating: (a) EEG asymmetry across multiple frequency bands 
and brain regions, (b) whether asymmetry in ADHD can be 
attributed to unilateral activations, (c) the correlations among 
asymmetry effects, and (d) the associations between EEG asym- 
metry and cognitive ability. This last goal is critical in that, as 
noted, our conceptual framework suggests that increased RH con- 
tribution to sensory processing could result from multiple and 
variable impairments across a set of integrated brain functions that 
serve task-directed actions. By examining the association between 
sensory processing asymmetry in ADHD and a battery of cogni- 
tive tasks, we hope to gain insight into what aspects of putative 
task-directed brain-system functioning might be most proximal 
to manifest rightward biased information processing in ADHD. 
These study goals are summarized in Table 1. 

MATERIALS AND METHODS 
STUDY SAMPLE 

All subjects for the current study were participants in a previ- 
ous UCLA ADHD family genetics study (77, 78). Our original 
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Table 1 | Summary of study goals. 



• Adults with ADHD exhibited increased rightward EEG beta2 (16-21 Hz) 
asymmetry in inferior parietal brain regions (P8-P7 asymmetry index) 
during the CPT compared to controls (p = 0.00001 ) 

• ADHD rightward asymmetry in this region was only evident in the beta2 
frequency band 

• While beta2 asymmetry at inferior parietal and temporal-parietal regions 
were highly (positively) correlated in controls (p < 0.00001 ), they were 
not associated in ADHD subjects (p = 0.49) 

• ADHD subjects had increased CPT commission errors (p = 0.025), and 
rightward beta2 P8-P7 asymmetry was correlated with making fewer 
such errors (p = 0.048) 




• Examine asymmetry across multiple frequency bands and brain regions 

• Examine whether asymmetry effects are attributable to unilateral 
activations 

• Examine associations among uncovered asymmetry effects 

• Examine associations between uncovered asymmetry effects and 
cognitive abilities 



published work (19) that the current study replicates and extends, 
also derived its sample from this data set, but at an earlier stage 
(i.e., when there was a smaller sample). Participation in this UCLA 
ADHD Genetics study required that families had at least two 
ADHD affected offspring. Hence, all subjects in the previous and 
the current study (cases and controls) are the biological parents of 
children with ADHD. 

After receiving verbal and written explanations of study 
requirements, participants provided written informed consent 
approved by the UCLA Institutional Review Board. Through 
the UCLA ADHD Genetics Study, all subjects were screened for 
ADHD and other psychiatric disorders via direct interviews using 
the Schedule for Affective Disorders and Schizophrenia-Lifetime 
Version [SADS-LAR; (79)] supplemented with the Behavioral Dis- 
orders supplement from the Schedule for Affective Disorders and 
Schizophrenia for school aged children-Present and Lifetime Ver- 
sion [KSADS-PL; (80)]. All interviews were conducted by clinical 
psychologists or highly trained interviewers with extensive expe- 
rience in psychiatric diagnoses. "Best estimate" diagnoses were 
determined after individual review of diagnoses, symptoms, and 
impairment level by senior clinicians (81). Inter- rater reliabilities 
were computed with a mean weighted kappa of 0.84 across all 
diagnoses with a >5% occurrence in the sample. 

Handedness was assessed with a shortened version of the Edin- 
burgh Handedness Inventory (82). This handedness inventory 
uses seven questions regarding hand preference and produces 
scores ranging from —14 (indicating maximum left handedness) 
to 14 (indicating maximum right-handedness). This measures was 
dichotomized with scores ranging from 8 to 14 indicating "def- 
inite right-handedness," and scores <8 indicating "marginal or 
non-right-handedness." 

Subjects were excluded based on the following criteria: past 
or current documented neurological disorder, a significant head 



injury resulting in loss of consciousness, a diagnosis of schizophre- 
nia, schizophrenia spectrum disorders, autism, or an estimated Full 
Scale IQ <80. We did not directly assess for language impairment 
in our sample. However, an assessment of group differences in sev- 
eral linguistic measures was performed to help rule out language 
impairment in the ADHD sample. 

Inclusion criteria for the present study required a lifetime diag- 
nosis of ADHD, and for non-ADHD controls, no evidence of past 
or current ADHD (i.e., reporting four or fewer ADHD symptoms 
in childhood and as adults). In our original study, we required 
a current rather than lifetime diagnosis of ADHD. This change 
reflects an increased interest in the brain function characteris- 
tics of individuals who present with childhood ADHD, regardless 
of long-term outcomes. Twenty-three of 90 ADHD subjects in 
the current study met criteria for lifetime ADHD, but not cur- 
rent (i.e., 67 had current). Five ADHD subjects were on stimulant 
medication and five were on medication for depressive symptoms 
(SSRIs). The impact of medicated subjects was directly assessed 
for all reported analyses. See Table 2 for sample demographics. 

PROCEDURES 

Typical testing procedures for the UCLA ADHD genetics study 
involved a mother and/or father and two ADHD affected offspring 
coming to UCLA for single visit (although fathers were often tested 
on a separate day). During the visit, each family member under- 
went a clinical, cognitive, and EEG testing battery, with the order 
of delivery of each component determined by logistical consider- 
ations. However, during EEG testing the Conners' CPT (83) was 
always delivered first, followed by additional conditions that are 
not reported. Recordings were performed in a small private room 
with a sole male technician administering the protocol. 

ELECTROPHYSIOLOGICAL MEASURES 

EEG recording (256 samples/s) was carried out using 40 silver 
chloride electrodes using the International 10/20 locations and 
was referenced to an average of signals recorded separately at each 
ear lobe. Eye movements were monitored by electrodes placed 
on the outer canthus of each eye for horizontal movements and 
above the eye for vertical eye movements. EEG was recorded dur- 
ing the Conners' CPT II (83), lasting for 15 min. Continuous EEG 
data were subjected to mean removal, a band pass filter (includ- 
ing data between 0.6 and 59 Hz), and automatic artifact detection 
via MANSCAN software (SAM Technology, Inc., San Francisco, 
CA, USA http://www.manscaneeg.com) designed to identify dead 
and bad channels, vertical and horizontal eye movements, satura- 
tion, muscle and movement artifact, and line frequency noise. 
Subsequent to this automated procedure, an experienced EEG 
technician visually inspected all data and identified any resid- 
ual contaminants. Next, continuous EEG was broken into 1-s 
epochs and artifact-containing epochs were removed on a chan- 
nel specific basis. Remaining artifact free epochs were then Fast 
Fourier Transformed (FFT) using MANSCAN EEG software, which 
uses a Welch's Periodogram approach (84). We specified 1-s data 
segments with 50% overlap, and a Hanning Windowing func- 
tion to generate spectral content at a 1 Hz resolution. Spectral 
data were then averaged and EEG power (mv 2 ) from 1 to 21 Hz 
was exported in 1 Hz bins (e.g., 0-1, 1-2, . . ., 20-21). Absolute 
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Table 2 | Sample demographics. 



Clinical variables 


Controls N = 103 


ADHD N = 90 


Statistic 


IQ 


X = 112, STD = 14.1 


X = 113.7 STD = 14.6 


f = -0.83, p = 0.41 


Age 


X = 44.6, STD = 6 


x = 44, STD = 5.7 


f = 0.88, p=0.38 


Sex 


50 F, 53 M 


48 F, 42 M 


X 2 = 0.44, p = 0.51 


ADHD type 


N/A 


33C, 48I, 9H 


N/A 


Right-handed 


9 NSR, 94 R 


13 NSR, 75 R 


X 2 = 1.7, p = 0.19 


Anxiety 


20 Affected 


33 Affected 


X 2 = 74, p = 0.006 


Mood 


5 Affected 


15 Affected 


X 2 = 74, p = 0.007 


Vocabulary 


X= 12.4, STD = 2.9 


x= 12.6, STD = 3.0 


f = -0.49, p = 0.62 


Phonology 


x = 24.7, STD = 4.7 


x = 25, STD = 3.9 


f = -0.46, p = 0.64 


Reading 


X = 50.1, STD = 3.8 


x = 50.2, STD = 4.3 


f = -0.16, p = 0.87 


Spelling 


x = 44, STD = 5.2 


x = 43.5, STD = 5.4 


f = 0.49, p = 0.63 


On meds 


None 


5 Stim., 5 Dep. 


N/A 



Estimated full IQ, estimated from block-design and vocabulary subtest of WAIS-III; ADHD type: C, combined; I, inattentive; H, hyperactive (lifetime diagnosis); 
NSR, not strong right-handed; R, right-handed; x 2 , chi-square test; anxiety/mood reflect definite diagnosis of at least one current anxiety and/or mood disorder as 
assessed by direct interview using SADS-LAR (see text for reference); see Table 7 for description of linguistic measures; Stim., stimulant medications for ADHD; 
Dep., medication for depression. 



power between 1-4 Hz (Delta), 4-8 Hz (Theta), 8-10 Hz (alphal), 
10-12 Hz (alpha2), 12-16 Hz (betal), and 16-21 Hz (beta2) fre- 
quencies was averaged for each electrode. These bands are non- 
overlapping. For example, betal extends up to the 15-16 1-Hz bin, 
while beta2 begins at the 16-17 1-Hz bin. Technicians involved in 
the EEG recording and processing were blind to ADHD diagnostic 
status. 

Our primary interest was to replicate and extend our previ- 
ous finding of R > L beta2 asymmetry in the inferior parietal 
region of adults with ADHD during the CPT (19). Thus, the cur- 
rent study assessed EEG power asymmetry in adults with ADHD 
and controls. Asymmetry indices (AIs) were generated for nine 
homologous right-left electrode pairs (AF4-AF3, F4-F3, F8-F7, 
FT8-FT7, T8-T7, TP8-TP7, P4-P3, P8-P7, 02-01) using the 
following standard calculation: [(R-L)/(R + L) x 1000]. 

Lastly, in our efforts to further characterize the nature of 
atypical functional asymmetry in ADHD, the current study also 
examined separate left and RH activations for AIs that showed sig- 
nificant group differences. To generate EEG power measures for 
individual electrodes and frequency bands of interest, power in a 
target frequency at a given electrode was divided by the averaged 
total power (1-21 Hz) across the scalp (26 electrodes in standard 
10-20 positions). This electrode-set did not include electrodes 
placed inferiorly to the axial plane of the 8/7s or electrodes used 
for detecting eye artifact (FP1, FPZ, FP2, F9, F10). These individ- 
ual electrode measures will be referred to as "globally normalized" 
(GN) power. 

THE CPT TASK 

The CPT required subjects to monitor a central fixation on a 
computer screen while single capital letters are sequentially and 
centrally presented during 6 continuous blocks of 20 trials with 
either 1, 2, or 4 s inter-stimulus intervals (ISIs) (2 blocks for each 
ISI) . Total task time is 1 5 min. The order of ISI block presentation is 
randomized within subjects. The task requires subjects to press the 
space bar using their dominant hand with every letter presentation 



except for the letter "X." The "X" occurs on 10% of the trials within 
a given ISI block. Behavioral performance was assessed using the 
following standard CPT measures (85): (1) commission errors: a 
failure to inhibit response when an "x" is presented, (2) omission 
errors: a failure to respond when any letter other than "x" is pre- 
sented, (3) hit reaction time: response time for all letters other than 
"x," (4) hit reaction time standard error: reaction time variabil- 
ity, (5) response bias: signal detection measure (beta) indicating 
impulsive versus conservative response styles, (6) sensitivity: sig- 
nal detection measure (cf ) indicating accuracy adjusted for false 
alarms. 

ANALYSES 
OVERVIEW 

In the original study we tested beta asymmetry effects; however, 
as a post hoc we also examined CPT P8-P7 asymmetry in mul- 
tiple frequency bands to test the "beta specificity" of this effect. 
In the original study we also examined correlations between the 
beta2 P8-P7 AI (i.e., our effect of interest, or Eol) and other AIs 
in the beta band, and tested the association between P8-P7 beta2 
asymmetry and CPT task performance. The current study builds 
on these approaches. 

PRIMARY ANALYSES - PARTS 1 AND 2 

(1) To examine the robustness of our previously identified right- 
ward beta2 asymmetry in the inferior parietal region (P8-P7) 
of adults with ADHD during the CPT (i.e., the Eol), we re- 
tested our original analysis with a new cohort of adult ADHD 
subjects (n = 43) and with our current full sample comprised 
of both the original and newly added ADHD participants 
(« = 31 + 43 = 74). 

(2) Next, in an attempt to further characterize this asymmetry 
effect, three additional analyses were performed: (a) to assess 
whether rightward EEG asymmetry in ADHD is specific to 
the beta2 frequency band at the P8-P7 AI, we examined 
EEG asymmetry across multiple frequency bands and brain 
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regions, (b) to examine whether uncovered asymmetry effects 
in ADHD were driven by separate left and/or RH activations, 
we tested group differences in unilateral right and LH elec- 
trodes comprising any AI that showed a group difference, 
and (c) to further examine whether the Eol was distinct, or 
associated with other asymmetry effects, we tested correla- 
tions between the Eol and any newly uncovered asymmetry 
findings. 

These analyses provided an opportunity to directly re-assess 
two key outcomes from our original study: ( 1 ) group differences 
at the P8-P7 AI were only evident for the beta2 frequency band, 
and (2) beta2 asymmetry at P8-P7 and TP8-TP7 AIs were highly 
correlated in controls (p < 0.00001), but not in ADHD subjects 
(p = 0.49) (group differences in correlation values were tested with 
Fisher's r-to-z test: z = 3.35, p = 0.0004). 

SECONDARY ANALYSES 

Secondary analyses examined whether EEG asymmetries in 
ADHD subjects predicted cognitive abilities (using an expanded 
cognitive battery). For each AI that showed group asymmetry 
differences, linear regression was used to examine whether EEG 
asymmetry interacted with ADHD diagnostic status to predict 
cognitive abilities. Group differences in cognitive abilities were 
also directly assessed. 

These analyses allowed us to re-assess two key outcomes from 
our previous study: (1) ADHD subjects had increased CPT com- 
mission errors (p = 0.025) and reduced sensitivity (d'\ p = 0.02), 
and (2) in ADHD subjects only, greater rightward beta2 asymme- 
try at the P8-P7 AI was associated with fewer commission errors 
(p = 0.048). 

STATISTICAL APPROACH 

All analyses were performed using SPSS (v21). All significant find- 
ings were re-tested with medication status (i.e., on/off stimulant 
medication and on/off depression medication) entered as addi- 
tional covariates and the resultant medication adjusted p-values 
for reported findings are provided. Due to the highly targeted 
nature of these replication analyses and our associated a priori 
hypotheses (i.e., rightward parietal asymmetry in ADHD), results 
are reported without multiple comparison adjustments. More- 
over, in our efforts to further characterize the Eol, our interest 
was specifically to identify meaningful patterns of EEG-to-behavior 
effects. Hence, we present these findings without multiple com- 
parison adjustments and limit our interpretation of results to a 
"pattern level of analysis," which helps guard against type- 1 error. 
The three statistical methods utilized in the current study are 
presented below. 

Method 1 

General linear model univariate ANOVA was utilized to examine 
group differences in EEG asymmetry and cognitive task perfor- 
mance. Outcome measures were entered as the dependent variable, 
with diagnostic status (ADHD versus Control) entered as a fixed 
factor, and handedness and the presence of an anxiety and/or 
mood disorder were entered as covariates (anxiety and mood 
showed group differences and handedness approach significance: 



p = 0.11). Moreover, since subjects responded with their domi- 
nant hand during the CPT, co-varying for handedness in our EEG 
analysis also adjusted for any CPT response hand effects. 

Method 2 

Pearson's correlation analysis was used in control subjects to 
assess the associations between P8 and P7 beta2 asymmetry (the 
Eol) and other EEG asymmetries that showed group differences, 
and partial correlations were used to this same end in ADHD 
subjects while adjusting for medication status. Where relevant, 
we used Fisher's r-to-z test to statistically examine the differ- 
ence between two correlations (86). For this test, correlations are 
first transformed so that they are unbounded using the inverse 
hyperbolic tangent function. Next, the difference between the 
transformed correlations is converted to a Z score based on 
the sample sizes and then a p-value is obtained based on the 
Z score. 

Method 3 

Linear regression was used in secondary analyses to examine 
whether ADHD affection-status interacted with EEG asymmetry 
measures of interest (i.e., that show group differences) to pre- 
dict cognitive abilities. Here, a cognitive measure was entered as 
the outcome variable, with the following variables entered as pre- 
dictors: handedness, anxiety-status, mood-status, affection-status, 
the AI of interest, and an interaction term of affection-status by 
the AI of interest. In this way, we assessed whether ADHD subjects 
showed unique associations between EEG asymmetry and cogni- 
tive measures. Prior to performing these analyses, we utilized the 
univariate procedure described above to characterize group dif- 
ferences on cognitive measures used in these secondary analyses 
(Table 7). 

RESULTS 

PRIMARY ANALYSES - PART 1: TESTING THE ROBUSTNESS OF THE 
EFFECT OF INTEREST 

Demographic data for replication samples 

Table 3 shows specific demographic information for our Eol repli- 
cation analyses (i.e., rightward beta2 asymmetry at the P8-P7 AI 
in adults with ADHD during the CPT) as well as demographic 
data associated with our original analyses of this effect. The only 
notable demographic difference between samples is that the new 
ADHD cohort did not exhibit greater expression of comorbid anx- 
iety than the controls. However, with all ADHD subjects combined, 
this effect was significant. Please note that sample sizes reflect the 
number of subjects contributing useable data to the P8-P7 beta2 
AI. The total number of EEG participants in the current study that 
contributed useable data (i.e., across all AI measures) was larger 
(see Table 2 for full sample demographics). 

Analysis of effect of interest for replication samples 

Both replication analyses showed the Eol result to be highly signif- 
icant and in the same direction as our original finding. However, 
while the pattern of effects was highly similar across all three 
analyses, the effect was statistically weaker with the new ADHD 
sample alone, and adjusting for medication status in this analysis 
revealed a modestly significant replication effect (p = 0.046). With 
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Table 3 | Demographic information for subjects comprising three analyses of our effect of interest (P8-P7 beta2 asymmetry). 



Original subjects 


Controls N = 84 


Original ADHD A/ = 31 


Stats 


IQ 


x = 113, STD=14.3 


x = 110, STD = 15.5 


f = 0.9, p = 0.40 


Age 


x = 44.6, STD = 6 


x = 44.6, STD = 6 


f = 0.01, p = 0.99 


ADHD type 


N/A 


5C, 27I, 3H 


N/A 


Sex 


4-or, oyivi 


lyr; izivi 


)(_ = U.Du, p — U.4D 


Right-handed 


6 NSR, 78 R 


2 NR, 29 R 


fe, p = 1 


Anxiety 


17 Affected 


15 Affected 


x 2 = 8.9, p = 0.003 


Mood 


5 Affected 


6 Affected 


X 2 = 4.7, p = 0.03 


On meds 


None 


None 


N/A 


New ADHD 


Controls N = 84 


New ADHD cohort N = 43 


Stats 


IQ 


x = 113, STD = 14.3 


x = 117, STD = 14 


r = —1.6, p = o.io 


Age 


x = 44.6, STD = 6 


x = 43.3, STD = 5.8 


f = 1.2, p = 0.24 


ADHD type 


N/A 


19C, 20I, 6H 


N/A 


Sex 


4or, jyivl 


/or, zzlvl 


^,2 n n~7 ^ n on 
X. = U.U/, p— U.oU 


Right-handed 


6 NSR, 78 R 


7 NSR, 36 R 


x 2 = 2.6, p = 0.11 


Anxiety 


17 Affected 


13 Affected 


X 2 = 1.3, p = 0.27 


Mood 


5 Affected 


8 Affected 


x 2 = 4.5, p = 0.03 


On meds 


None 


4 Stim., 4 Dep. 


N/A 


Full sample 


Controls N = 84 


All ADHD N = 74 


Stats 


IQ 


x = 113, STD = 14.3 


x= 114, STD = 14.6 


f = —0.61 , p = 0.54 


Age 


x = 44.6, STD = 6 


x = 43.8, STD = 5.8 


f = 0.83, p = 0.41 


ADHD type 


N/A 


27C, 39I, 8H 


N/A 


Sex 


45R 39M 


42b~ 32M 


x 2 = 0.16, p = 0.69 


Right-handed 


6 NSR, 78 R 


9 NSR, 65 R 


X 2 = 1.1 , p = 0.28 


Anxiety 


17 Affected 


27 Affected 


X 2 = 6.1, p = 0.01 


Mood 


5 Affected 


13 Affected 


x 2 = 6.7 p = 0.01 


On meds 


None 


4 Stim., 4 Dep. 


N/A 



Estimated full IQ, estimated from block-design and vocabulary subtest ofWAIS-lll;ADHD type: C, combined; I, inattentive; H, hyperactive (lifetime diagnosis); NSR, 
not strong right-handed; R, right-handed; / 2 , chi-square test; fe, Fisher's exact test; anxiety/mood reflect definite diagnosis of at least one current anxiety and/or 
mood disorder as assessed by direct interview using SADS-LAR (see text for reference); Stim., stimulant medications for ADHD; Dep., medication for depression 
treatment. 



the full sample, the replication of the Eol was highly significant 
(p = 0.00003) and remained so after adjusting for medication 
status (Table 4). 

PRIMARY ANALYSES - PART 2: EXPANDED ANALYSIS OF EEG 
ASYMMETRY 

Testing Al effects 

Examination of multiple frequency bands and AIs across the 
scalp demonstrated several instances of atypical rightward parietal 
asymmetry in ADHD. Rightward parietal asymmetry in ADHD 
subjects was evident at the temporal-parietal Al (TP8-TP7) in 
theta, betal, and beta2 frequency bands, the inferior parietal Al 
(P8-P7) in the beta2 frequency band, and the superior-parietal Al 
(P4-P3) in theta and beta2 frequency bands (Table 5; Figure 1). As 
in our previous study, the P8-P7 Al only showed ADHD/control 
group differences in the beta2 frequency band. There were no sig- 
nificant effects showing leftward parietal asymmetry in ADHD. 
However, a trend effect indicated ADHD leftward frontal asym- 
metry (F8-F7) in the beta2 band, which is reported due to a 
conceptual interest. 



Unilateral effects for significant AIs 

Examination of unilateral effects for Al that showed significant 
group differences demonstrated that three of seven Al results 
involved significantly greater right-sided power (Table 5). 

Testing association among AIs that showed group differences in 
asymmetry 

We used correlation analysis in controls and partial correlations in 
ADHD subjects (to control for medication status) to assess associ- 
ation between the Eol and the other AIs that showed group differ- 
ences. The Fisher r-to-z test was used to assess group differences 
in correlation effects. 

Assessment of correlations between the Eol and the other AIs 
examined replicated our previous finding. ADHD subjects had a 
significantly weaker correlation between P8-P7 beta2 asymme- 
try and TP8-TP7 beta2 asymmetry (Fisher's r-to-z test: z = 2.2, 
p = 0.03) (Table 6). This was the only group difference in correla- 
tion values identified by the Fisher's r-to-z test. Note: there were 
no associations (r < 0.02) between the Eol and the frontal trend 
effect in either group (results not shown). 
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Table 4 | Replication of rightward beta2 asymmetry at the P8-P7 Al in adults with ADHD. 



Analyses 

Original study 
New ADHD 
All ADHD 



Samples 



84 Controls 
31 ADHD 

84 Controls 
43 ADHD 

84 Controls 
74 ADHD 



Controls 



SE 



ADHD 



df 



Partial eta 2 MedsAdj. ADHDAsym. 



SE 



78.6 


11.4 


26.8 


19.3 


21.2 


6.108 


0.00001 


0.16 


N/A 


Rwrd 


78.3 


13.3 


-9.7 


18.8 


8.6 


4.122 


0.004 


0.07 


0.046 


Rwrd 


79.8 


12.7 


2.5 


13.6 


18.8 


4.153 


0.00003 


0.11 


0.0002 


Rwrd 



Univariate analysis of variance was used to test difference between ADHD and Controls in EEG beta2 asymmetry at the P8-P7 asymmetry index during the CPT, while 
controlling for handedness, anxiety, and mood. Two new replication analyses are shown, along with our original result from a previous study, x, estimated marginal 
means (more negative mean values= more leftward asymmetry!; SE, standard error; Partial eta 2 , SPSS estimate of effect size for univariate anova procedure; Meds 
Adj., shows medication status adjusted p-values; ADHD Asym., shows direction of ADHD asymmetry relative to controls; Rwrd, rightward. 

Table 5 | Additional asymmetry effects in ADHD adults during the CPT. 



Laterality index 



Controls 



ADHD 



df 



Partial eta 2 MedsAdj. ADHDAsym. Unilat. Eff. 



SE 



SE 



Dir. 



Beta2 F8-F7 


41.5 


15.2 


-3 


16.2 


3.9 


4.161 


0.051 


0.02 


0.056 


Lwrd 






ThetaTP8-TP7 


-39.2 


12.1 


11 


12.6 


8 


4.143 


0.006 


0.05 


0.004 


Rwrd 






Beta2TP8-TP7 


-64.3 


18.8 


10.1 


19.5 


7.3 


4.146 


0.008 


0.05 


0.017 


Rwrd 






Betal TP8-TP7 


-29.5 


16.8 


21 


17.3 


4.2 


4.146 


0.043 


0.03 


0.046 


Rwrd 


Rt 


0.05 


Beta2 P8-P7 


-79.8 


12.7 


2.5 


13.6 


18.8 


4.153 


0.00003 


0.11 


0.0002 


Rwrd 


Rt 


0.02 


Theta P4-P3 


-19.1 


5.3 


6.4 


5.7 


10.3 


4.164 


0.002 


0.06 


0.003 


Rwrd 






Beta2 P4-P3 


-32.5 


7.2 


-7.8 


7.7 


5.3 


4.163 


0.023 


0.03 


0.063 


Rwrd 


Rf 


0.007 



Univariate analysis of variance was used to test difference between ADHD and controls in EEG asymmetry across multiple frequency bands and locations, while 
controlling for handedness, anxiety, and mood. x, estimated marginal means (more negative mean values= more leftward asymmetry); partial eta 2 , SPSS estimate 
of effect size for univariate ANOVA procedure; MedsAdj., shows medication status adjusted p-values; ADHDAsym., shows direction of ADHD asymmetry relative to 
controls; Rwrd, rightward; Lwrd, leftward; Unilat. Eff., shows three instances where rightward asymmetry in ADHD co-occurs with unilateral right-sided increases 
of globally normalized (GN) EEG power. Note: P8-P7 Beta2 finding with full ADHD sample shown in Table 4 is also shown here. 



Controls 




FIGURE 1 | Distribution of absolute power in beta2 frequency band 
(16-21 Hz) among parietal electrodes comprising parietal asymmetry 
indices. Figure 1 shows EEG data recorded during the CPT and indicates the 



ADHD 




spread of beta2 (16-21 Hz) power ((iv 2 ) among parietal electrodes comprising 
parietal asymmetry indices (TP7 P7 P3.TP8, P8, P4). Note the leftward 
distribution of power in controls compared to ADHD. 
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Table 6 | Correlations between the Eol and other Als that showed rightward asymmetry in ADHD. 

TP8-TP7 



P4-P3 



Effect of interest 




Theta 


Betal 


Beta2 


Theta 


Beta2 


C: P8-P7 Beta2 


r 


0.21 


0.50 


0.56 


0.17 


0.46 




P 


0.07 


0.000003 


0.00001 


0.13 


0.000001 


A: P8-P7 Beta2 


r 


0.20 


0.28 


0.25 


0.32 


0.43 




P 


0.10 


0.02 


0.04 


0.007 


0.0002 



ADHD and control groups Pearson's correlations between P8-P7 beta2 asymmetry and all additional asymmetry indices that showed greater rightward asymmetry in 
ADHD subjects; C, controls; A, ADHD; ADHD results reflect partial correlation adjusted for medication status; bold highlights that these correlations were significantly 
different between groups according to Fisher's r-to-z test (z= 2.2, p= 0.03). 



SECONDARY ANALYSES - RIGHTWARD ASYMMETRY ASSOCIATION TO 
COGNITIVE METRICS 

Cognitive measures utilized in these secondary analyses cover 
several domains, such as: VWM, SWM, EFs, processing speed, 
attention, verbal phonologic ability, and motor dexterity (Table 7). 

The goal of these secondary analyses was to examine whether 
uncovered atypical EEG asymmetry in ADHD impacts cognitive 
functioning. However, before examining EEG-to-cognition asso- 
ciations, we first tested group differences in cognitive measures 
using the univariate procedure described above. Several group 
differences emerged (Table 8). We did not replicate our origi- 
nal study finding of increased CPT commission errors in ADHD 
(p = 0.025). 

Regression analysis (described above) examined whether 
ADHD affection-status interacted with EEG asymmetry mea- 
sures to predict ADHD cognitive characteristics. Several findings 
demonstrated a unique EEG asymmetry-to-cognition association 
pattern among ADHD subjects (Table 9). Our previous study's 
correlation result indicating an association between greater right- 
ward beta2 asymmetry at the P8-P7 AI and fewer CPT commission 
errors was not replicated. To help aid the interpretation of signifi- 
cant group x AI interaction effects predicting cognitive measures, 
correlations between Als and cognitive measures are shown for 
each group. Note: positive AI values mean rightward asymme- 
try and all reported findings from the current study are also 
summarized below in Table 10. 

DISCUSSION 

Our original study compared adult ADHD and control subjects' 
EEG asymmetry during the Conners' CPT in betal (12-16 Hz) and 
beta2 ( 1 6-2 1 Hz) frequency bands ( 1 9 ) . That study uncovered sin- 
gle highly significant effect (p = 0.00001) showing ADHD adults 
had increased rightward P8-P7 beta2 asymmetry during the CPT, 
and in post hoc analysis confirmed that this result was specific to 
the beta2 frequency band. We refer to this finding as our "Eol." 
That study also found that while controls showed a robust pos- 
itive correlation between beta2 asymmetry at the P8-P7 and the 
immediately anterior TP8-TP7 AI, ADHD subjects had no such 
effect. Lastly, this original study demonstrated a unique ADHD 
association between rightward P8-P7 beta2 asymmetry and fewer 
CPT commission errors. 

The current study sought to replicate and build upon these 
results using a larger ADHD sample. Expanded elements included: 



(a) testing additional frequency bands, (b) testing unilateral effects 
for all asymmetry findings, and (c) testing the association between 
ADHD abnormal asymmetry and a battery of cognitive tests. This 
current study replicated the Eol (p = 0.00003), again demon- 
strating that ADHD adults exhibit atypical rightward P8-P7 
beta2 asymmetry during the CPT. Moreover, group differences 
at this inferior parietal index were again limited to the beta2 fre- 
quency band. We also replicated our previous finding showing 
that ADHD subjects exhibit a reduced correlation between beta2 
asymmetry at the P8-P7 and TP8-TP7 Als. We did not repli- 
cate our original finding showing that rightward P8-P7 beta2 
asymmetry in ADHD was associated with fewer CPT commission 
errors. 

In addition to these replicated effects, the current study added 
several new findings. With a larger ADHD sample and using multi- 
ple frequency bands, we uncovered a broader pattern of abnormal 
rightward parietal asymmetry during the CPT. ADHD rightward 
asymmetry was evident in the beta2 band across all parietal indices 
(TP8-TP7, P8-P7, P4-P3), and in additional bands for temporal- 
parietal (TP8-TP7: theta, betal), and superior-parietal (P4-P3: 
theta) indices. We also identified that three of five ADHD parietal 
beta asymmetry findings, including the Eol, were linked to greater 
unilateral right-sided beta power. Lastly, we uncovered multiple 
abnormal associations between rightward parietal asymmetry in 
ADHD and cognitive abilities. 

LATERALIZED BRAIN FUNCTION AND THE PARIETAL LOBES 

The nature of parietal brain function continues to be debated; 
however, some general themes have emerged. First, it has become 
increasingly clear that the complexity of the human parietal cor- 
tex mirrors that of the frontal lobes and plays key roles in many 
of the higher order operations traditionally ascribed to frontal 
brain regions (95-97). Next, parietal brain function has been 
broadly associated with processing information in a spatial context 
(98), with a dorsal-to-ventral distribution of functions related to 
"vision for action" versus "vision for perception" (99), and a left-to- 
right distribution of functions related to self-directed motoric and 
verbal functions (LH) versus bottom-up and/or top-down alloca- 
tion of attention to external sensory content (RH) [for review, 
seeRef. (97)]. 

This left-right dimensionality is evident across superior, infe- 
rior, and temporal-parietal regions. For example, the RH superior- 
parietal lobe (SPL) shows specialization for spatial orienting (99), 
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Table 7 | Cognitive measures. 



Tasks 


Measures 


Var. name 


Description 


Wechsler Intelligence Scale for 
Adults, 3rd Addition (WAIS-III) (87) 


Mental arithmetic 

Digit span forward (max/raw) 

Digit span backward (max/raw) 

Spatial span forward (max/raw) 

Spatial span backward (max/raw) 

Working memory index 

Vocabulary 


Arith 

DSF-max/raw 

DSB-max/raw 

SSF-max/raw 

SSB-max/raw 

WMI 

Vocab 


Mental arithmetic and digit span tap 
VWM, and WMI is a standard 
composite score comprised of digit 
span, arithmetic, and coding 
subtests 


Sternberg Spatial Working Memory 
Task (88) 


Loads 1, 3, 5, 7 
(accuracy, RT, RTSD) 


SWM L1 (3, 5, 7) 
(Acc, RT, RTSD) 


Delayed match-to-sample 
visuo-spatial working memory test 


StroopTask (89, 90) 


Color naming speed 
Word naming speed 
Interference control 


St-color 
St-word 
St-inter 


Color/word processing speed, and 
Stroop interference control 


Trail Making A and B (91) 


Trails A 
Trails B 


Trails A 
Tra Is B 


Speeded visual attention and 
set-shifting ability 


Conners' Continuous Performance 

Toot II lCOT\ (QOI 
leST II \\^r \ } \o*j) 


Commissions 

Omissions 

Hit reaction time 

Hit RT standard Deviation 

Sensitivity, bias 


Commiss 
Omiss 
Hit RT 
Hit RTSD 
d', Beta 


Processing speed, sustained visual 
attention, and response inhibition 


Woodcock-Johnson-Revised 
(WJ-R), Word Attack (92) 


Phonologic processing 


Phonologic 


Speeded reading of nonsense 
words tests phonologic ability 


Wide Range AchievementTest 
(WRAT): reading, spelling (93) 


Reading 
Spelling 


Reading 
Spelling 


Reading and spelling ability 


Relative Hand Skill Task (94) 


Sum left 

Sum Right 


Lhand (RH) 
R.hand (LH) 


Left/right hand dexterity via 
speeded box checking task 


Time Discrimination 


Green 
Red correct 
Total correct 
Mean correct RT 
Mean correct RTSD 
Time difference mean 


GreenCorrect 

RedCorrect 

TotalCorrect 

MeanCorrRT 

MeanCorrRTSD 

Time_Diff_mean 


Presents two spatially fixed (L/R) 
color circles one at a time. Subjects 
must decide which was "on" for a 
longer period of time 



Table 8 | Cognitive effects. 



Cognitive measures Control ADHD df f p Partial eta 2 Meds Adj. ADHD effect 



x SE x SE 



CPT hit RTSD 


126.7 


7.1 


151 


7.9 


4.93 


5.1 


0.027 


0.05 


0.034 


Variable 


SWM L1 RT 


942.1 


21 


1028 


23 


4.134 


7.2 


0.008 


0.05 


0.017 


Slower 


SWM LI RTSD 


236.1 


11.4 


277.2 


12.6 


4.134 


5.5 


0.02 


0.04 


0.052 


Variable 


SWM L3 RT 


1084 


22.7 


1174 


25 


4.134 


6.8 


0.01 


0.05 


0.019 


Slower 


SWM L5 RT 


1187 


24 


1283 


26.2 


4.134 


7 


0.009 


0.05 


0.014 


Slower 


SWM L7 RT 


1213 


26 


1328 


28 


4.134 


8.6 


0.004 


0.06 


0.009 


Slower 


DSB_max 


5.0 


0.13 


5.42 


0.15 


4.177 


3.94 


0.049 


0.02 


0.062 


Better 



Univariate analysis of variance was used to test ADHD/controls group differences in cognitive abilities, while controlling for handedness, anxiety, and mood, x, 
estimated marginal means; partial eta 2 , SPSS estimate of effect size for univariate ANOVA procedure; Meds Adj., shows medication status adjusted p-values; see 
Table 7 for description of cognitive measures. 
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Table 9 | Parietal EEG asymmetry x ADHD status predicting cognitive abilities. 



Diag. x EEG 


df 


sb 


f 


P 


Meds Adj. 


EEG-behav. 




Diag. x EEG 


df 


sb 


t 


P 


Meds 


EEG-behav. 




asymmetry 












corr. (r-vals) 




asymmetry 










Adj. 


corr. (r-vals) 




predicts 












and ADHD eff. 




predicts 












and ADHD eff. 






F8-F7 beta2 












r(C) 


r(A) 


e 


TP8-TP7 beta2 












r(C) 


r[A) 


e 


VWM 


















VWM 


















Arithmetic 


6.151 


0.20 


2.0 


0.045 


0.047 


0.01 


0.33* 


b 


DS-overall 


6.138 


0.29 


2.3 


0.02 


0.016 


-0.20 1 


0.18 


b 


SWM 


















DSF-raw 


6.138 


0.27 


2.2 


0.03 


0.022 


-0.19 


0.15 


b 


SSF-raw 


6.147 


0.21 


2.2 


0.028 


0.03 


-0.05 


0.28+ 


b 


DSF-max 


6.138 


0.27 


2.2 


0.03 


0.021 


-0.19 


0.14 


b 


CPT 


















DSB-raw 


6.138 


0.30 


2.4 


0.016 


0.013 


-0.18 


0.19 


b 


Hit RT 


6.81 


-0.30 


-2.1 


0.036 


0.02 


0.29+ 


-0.19 


b 


DSB-max 


6.138 


0.27 


2.2 


0.03 


0.03 


-0.14 


0.19 


b 


TP8-TP7Theta 


















WM index 


6.138 


0.31 


2.5 


0.014 


0.01 


-0.15 


0.28+ 


b 


SWM 


















WJ-R 


















L5 RTSD 


6.106 


0.25 


2.0 


0.046 


0.045 


-0.18 


0.10 


w 


Phonologic 


6.126 


0.29 


2.2 


0.027 


0.025 


-0.12 


0.26+ 


b 


Time disk 


















Box check 


















Green Corr. 


6.94 


-0.26 


-2.1 


0.04 


0.02 


0.28+ 


-0.17 


w 


R > L Diff. 


5.116 


0.40 


2.9 


0.004 


0.005 


-0.39* 


0.11 


_ 


TP8-TP7 betal 


















R.hand (LH) 


5.116 


0.35 


2.6 


0.01 


0.02 


-0.06 


0.43* 


_ 


VWM 


















Time disk 


















DS-overall 


6.138 


0.35 


3.0 


0.003 


0.003 


-0.30* 


0.16 


b 


Total Corr. 


6.95 


-0.29 


-2.0 


0.044 


0.04 


0.16 


-0.18 


w 


DSF-raw 


6.138 


0.36 


3.2 


0.002 


0.002 


-0.31* 


0.19 


b 


P8-P7 beta2 


















DSF-max 


6.138 


0.38 


3.4 


0.001 


0.001 


-0.33* 


0.20* 


b 


Time disk 


















DSB-raw 


6.138 


0.32 


2.8 


0.005 


0.005 


-0.23+ 


0.24+ 


b 


Total Corr. 


6.96 


-0.31 


-2.2 


0.028 


0.016 


0.24' 


-0.16 


w 


DSB-max 


6.138 


0.28 


2.4 


0.016 


0.016 


-0.20* 


0.21' 


b 


P4-P3Theta 


















WM index 


6.138 


0.32 


2.8 


0.007 


0.007 


-0.24+ 


0.18 


b 


Trails 


















SWM 


















Trails A 


6.155 


0.23 


2.3 


0.024 


0.017 


-0.11 


0.21* 


w 


L5 Acc. 


6.107 


-0.25 


-2.3 


0.026 


0.03 


0.14 


-0.26+ 


w 


Trails B 


6.155 


0.23 


2.3 


0.023 


0.022 


-0.19* 


0.13 


w 


WJ-R 


















Time disk 


















Phonologic 


6.126 


0.27 


2.3 


0.024 


0.025 


-0.19 


0.19 


b 


Green Corr. 


6.108 


-0.31 


-3.0 


0.003 


0.003 


0.12 


-0.31 + 


w 


Box check 


















P4-P3 beta2 


















R > L Diff. 


5.116 


0.32 


2.6 


0.01 


0.01 


-0.36* 


0.12 




Trails 




































Trails A 


6.154 


0.21 


2.0 


0.05 


0.028 


-0.04 


0.26+ 


w 




















Trails B 


6.154 


0.22 


2.1 


0.04 


0.025 


0.02 


0.28+ 


w 



Linear regression analysis was used to examine the interaction effects of ADHD diagnostic status and parietal EEG asymmetry on subjects' cognitive abilities. Each test was adjusted for the effects of handedness, 
anxiety, and mood, sb, standardized beta; Meds Adj., shows medication status adjusted p-values; EEG-behav. corr (r-values) and ADHD effect, first two columns show r-values for correlations between EEG 
asymmetry and cognitive measure - r(C), controls; r(A), ADHD; *, significant (p< 0.05); * significant (p < 0.01); ', trend (p< 0. 10); e, effect, this column shows "b" or "w" indicating rightward asymmetry in ADHD 
subjects predicted "better" or "worse" behavioral outcomes; raw, digit and spatial span standard performance score; max, digit and spatial span maximum span length achieved; see Table 7 for description of 
cognitive measures. 
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Table 10 | Results summary. 



Re-tested original findings Rep. ADHD outcome 



Increased rightward EEG beta2 asymmetry in ADHD 


Yes 


This result replicated in our full sample (with new and original ADHD subjects). With 
new ADHD subjects only, it replicated (p = 0.004), but adjustment for medication 
status revealed a modest statistical effect (p — 0.046) 


Group differences at P8-P7 Al were only evident in 
beta2 frequency band 


Yes 


Replicated 


Beta2 asymmetry at P8-P7 andTP8-TP7 Als were 
highly correlated in controls, but not in ADHD subjects 


Yes 


Replicated 


In ADHD subjects only, rightward beta2 P8-P7 
asymmetry was associated with fewer commissions 


No 


Not Replicated - in our full sample ADHD subjects did not show significant deficit for 
commissions, nor was EEG asymmetry associated with commissions 



Examine asymmetry across multiple frequency bands New 



Examine whether asymmetry effects are driven by New 
unilateral activations 

Examine correlations among uncovered asymmetry New 
effects 



Examine associations between uncovered asymmetry New 
effects and cognitive abilities 



Rightward asymmetry was evident for all parietal measures (TP8-TP7 P8-P7 
P4-P3).TP8-TP7 effects occurred in theta and betal and 2. P8-P7 asymmetry was 
exclusive to beta2. P4-P3 effects occurred in theta and beta2 

Only RH beta showed significant unilateral effects. RH P8 and P4 beta2 power were 
increased. RHTP8 betal power was increased 

Compared to controls, ADHD subjects' P8-P7 beta2 asymmetry exhibited weak 
association toTP8-TP7 asymmetry in betal and beta2 frequencies, but stronger 
association to P4-P3 asymmetry in theta 

A majority of asymmetry-to-cognitive associations occurred with theTP8-TP7 
asymmetry index. These showed mainly positive effects of rightward asymmetry on 
cognition in betal and beta2 frequencies, barring tasks that required fast continuous 
sensory processing (time disk., trails, SWM), which showed negative effects. P8-P7 
and P4-P3 indices showed only negative associations - also for the more sensory 
weighted tasks 



while the LH SPL shows specialization for self- initiated fine motor 
actions such as writing (99, 100). Moreover, RH IPL lesions often 
produce impaired sensory-orienting toward the left half of space 
(i.e., neglect) (101), while LH IPL lesions often produce inac- 
curate grasping of objects (i.e., apraxia) (102). The RH IPL has 
also been associated with maintaining focus over prolong peri- 
ods, either to detect a rare event against a quiet background 
(vigilance) or to distinguish target stimuli from a stream of 
continuously presented items (sustained attention) [for review, 
see Ref. (97)], while the LH IPL has also been associated with 
reading (65). 

Continuing this pattern of left-right specialization, the RH 
temporal-parietal junction (TP J) has been associated with 
stimulus-driven attentional shifting (103, 104), while LH TPJ has 
been associated with verbal articulatory coding (i.e., naming) (9). 
In fact, the RH TPJ is currently a point of interest across many 
fields (e.g., social, memory, attention, etc.), with each tending 
toward domain specific understandings of its role [for review, 
see Ref. (104)]. However, broader conceptualizations have begun 
to emerge. For instance, Ceng and Vossel (104) argued that the 
RH TPJ plays a general role in maintaining/updating the neural 
context by which the relevance of incoming sensory information 
is vetted, with greater activation indexing a more flexible atten- 
tional and cognitive set (i.e., with more active updating) and 
reduced activation indexing a more narrow and fixed attentional 



and cognitive set (i.e., with less active updating). They also specify 
that this process is likely to draw on multiple distributed brain sys- 
tems and integrate both bottom-up and top-down processing. This 
view importantly suggests that moment-to-moment variability in 
RH TPJ activation might index the degree to which an individ- 
ual is oriented toward a more fixed versus flexible attentional and 
cognitive set. 

RIGHTWARD PARIETAL ASYMMETRY AND ADHD 

The current study demonstrated abnormal increased rightward 
asymmetry in ADHD subjects across each of these parietal brain 
regions (SPL/P4-P3, IPL/P8-P7, TPJ/P8-P7). This indicates that, 
during the CPT, ADHD subjects exhibit some form of increased 
weighting of right-lateralized brain regions previously associated 
with: orienting attention in space (RH SPL), sustained attention 
(RH IPL), and more flexible attention and cognitive sets (RH TPJ). 
The most robust and perhaps straightforward expression of this 
outcome is likely indicated by our beta2 findings. 

EEG beta has been associated with attention-directed informa- 
tion processing (72-75, 105), and particularly so in parietal brain 
regions (72, 75, 76, 106, 107). More specifically, it is thought to 
be associated with mechanisms that potentiate early stage encod- 
ing of attentionally selected sensory information [for review, see 
Ref. (72-74)]. Consistent with this, EEG beta has been shown to 
track hemispherically specialized operations with leftward biased 
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expression during verbal tasks and rightward biased expression 
during non-verbal tasks (75, 76). This literature suggests that EEG 
beta is an appropriate measure to capture variability in lateralized 
contributions to sensory information processing. 

ADHD subjects exhibited rightward beta2 asymmetry in all 
parietal indices (P4-P3, P8-P7, TP8-TP7) with increased unilat- 
eral right-sided beta2 power evident for superior (P4) and inferior 
(P8) aspects. The relative weakness of the unilateral P8 effect when 
compared to P8-P7 asymmetry and the lack of unilateral effects 
in temporal-parietal regions indicates that rightward beta2 asym- 
metry is the critical metric within inferior and temporal-parietal 
brain regions. In contrast, the relative strength of the unilateral 
P4 effect versus P4-P3 asymmetry suggests that greater right- 
sided beta2 power is the critical metric within superior-parietal 
regions. Hence, we can refine our description of our findings 
to say that, during the CPT, ADHD subjects exhibited a relative 
increased weighting of RH versus LH contribution (as measured by 
rightward beta2 asymmetry) across inferior and temporal-parietal 
regions along with greater unilateral RH superior-parietal contri- 
bution (as measured by P4 beta2 power). Generally speaking, this 
pattern suggests some form of abnormal increased weighting of 
external-perceptual versus verbal-motoric processing across infe- 
rior and temporal-parietal brain regions with possible associated 
abnormalities involving the distribution of attention in space (the 
RHSPL effect). 

ADHD rightward EEG asymmetry was additionally evident 
in the theta band at the superior-parietal index (P4-P3), and 
in theta and betal bands at the temporal-parietal index (TP8- 
TP7). EEG theta has been implicated in the coordination of long- 
range cortical interactions and internally oriented brain functions 
such as working memory (108). The band we have called betal 
(12-16 Hz), also known as the sensory motor rhythm, has been 
suggested to play a role in the top-down regulation of motor 
actions (109). According to these views, our theta findings may 
indicate some form of abnormal long-range integration of RH ver- 
sus LH superior and temporal-parietal brain regions, highlighting 
that abnormal rightward asymmetry in ADHD may be linked to 
broader difficulties with distributed task-directed brain functions 
(11). Moreover, the multiple frequency band effects (theta, betal, 
beta2) at the TP8-TP7 index may be consistent with the above 
noted complex attentional control functions that have been linked 
to the RH TPJ (i.e., updating neural context and regulation of fixed 
versus flexible attentional sets). 

CORRELATIONS AMONG EEG ASYMMETRY INDICES 

As in our previous study, ADHD subjects demonstrated a lack 
of normal association (i.e., observed in controls) between beta2 
asymmetry at the inferior (P8-P7) and temporal-parietal (TP8- 
TP7) AIs during the CPT. This demonstrates an ADHD reduced 
coordination of functional asymmetry between brain regions 
thought to support attentional-state setting and applied atten- 
tional operations. Coordination of such mechanisms maybe a key 
aspect of successful task-directed brain functioning (11, 110) as 
possibly demonstrated by the much stronger correlation between 
beta2 asymmetry at these regions in controls than in ADHD 
subjects, along with ADHD subjects' more variable CPT perfor- 
mance. Regardless, this finding makes clear that both abnormal 



functioning and abnormal coordination of IPL and TPJ brain 
regions is evident in ADHD subjects during the CPT. 

ASYMMETRY AND COGNITION 

Our analysis of EEG-to-cognition showed a pattern of abnormal 
reversed association between parietal asymmetry and cognitive 
abilities in ADHD. That is, where rightward asymmetry was asso- 
ciated with better or worse performance in ADHD subjects, an 
opposite pattern or non-effect was evident in controls. The major- 
ity of these findings indicated that rightward temporal-parietal 
asymmetry (across multiple frequencies) was associated with bet- 
ter VWM ability in ADHD, but worse VWM ability in controls. 
There were far fewer cognitive associations with superior (P4-P3: 
theta and beta2) and inferior (P8-P7: beta2) asymmetry. Asym- 
metry in these regions was exclusively associated with tasks that 
required constant attention to external visual stimuli, and for these 
sensory demanding tasks, ADHD subjects' rightward superior and 
inferior parietal asymmetry was exclusively associated with worse 
performance. 

We previously discussed that increased RH TPJ activation 
occurs with flexible shifting attention. It has also been linked to 
the use of mental imagery. Greater activation of RH TPJ has been 
shown to occur during mental rotation tasks (111-114) includ- 
ing mental rotation of numbers and letters (114). Moreover, RH 
TPJ-induced hemi-neglect has been linked to a reduced capac- 
ity to use mental imagery during math operations (115). These 
findings suggest a possible benefit for flexible shifting attention 
during the use of mental imagery, possibly reflecting a need to 
rapidly integrate information across distributed features of men- 
tally constructed images. Consistent with this, social neuroscience 
studies have highlighted that RH TPJ induced "flexible attention" 
is adaptive under circumstances that require integrating spatially 
distributed information (103). 

According to this literature, the observed association between 
rightward TP8-TP7 asymmetry and better VWM ability in ADHD 
might reflect an ADHD default bias toward flexible attention and 
visual forms of cognition, which although maladaptive for the 
CPT, may bear advantages for tasks that benefit from mental 
imagery. ADHD subjects did exhibit better performance on the 
backward digit span task, which of the tasks utilized, is arguably the 
most likely to benefit from mental imagery. Moreover, in ADHD 
subjects only, rightward frontal beta2 asymmetry (F8-F7) was 
associated with better mental arithmetic, and our own and oth- 
ers' previous work (described in the introduction) has indicated 
greater reliance on, or bias toward, visual cognition and sensory 
processing strategies in ADHD (12-15, 59). 

Finally, as noted, rightward superior (P4-P3) and inferior 
(P8-P7) parietal asymmetry in ADHD was exclusively associ- 
ated with worse performance for tasks that required continuous 
attention to external visual stimuli and minimal internal com- 
putation. One interesting possibility is that poor task-regulation 
of RH TPJ function may create a circumstance, whereby ADHD 
individuals must continually reassert compensatory attention fol- 
lowing task-disruptive attentional shifting during the CPT. If 
true, both rightward asymmetry at superior and inferior pari- 
etal indices, and their negative association to sensory weighted 
behavioral tasks, may reflect ADHD subjects' attempting to regain 
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their "attentional footing" (i.e., compensatory applied attention) 
following task-disruptive attentional shifts. 

SUMMARY AND CONCLUSION 

The current study replicated our previous finding showing that 
ADHD adults exhibit rightward inferior parietal (P8-P7) beta2 
asymmetry during the CPT. Additional novel analyses established 
that this was part of a broader pattern of abnormal rightward 
beta2 asymmetry in superior (P4-P3), inferior (P8-P7), and 
temporal-parietal (TP8-TP7) regions, with additional frequency 
bands effects for the temporal-parietal (theta, beta 1 ) and superior- 
parietal (theta) indices. We also replicated our previous finding 
showing a reduced association between P8-P7 and TP8-TP7 beta2 
asymmetry in ADHD. Finally, novel analyses indicated that right- 
ward TP8-TP7 asymmetry in ADHD was associated with better 
VWM ability, while rightward P8-P7 and P4-P3 asymmetry was 
associated with worse performance for task requiring continuous 
attention to visual stimuli. 

In considering this pattern of results, we suggest a bipartite 
view of right biased parietal brain function in ADHD that high- 
lights two semi-independent mechanisms, one linked to general 
state setting operations (RH TPJ), and one linked to applied atten- 
tion during task-operations (RH IPL). We expect that ADHD 
individuals may exhibit variability in the primacy and strength 
of such effects, and/or with regards to their task-adaptive coor- 
dination. However, regardless of such variability, we expect that 
poor functioning and/or coordination of these mechanisms likely 
results in a convergent requirement for compensatory applied (i.e., 
sustained/selective) attention during the CPT, which may explain 
the relative statistical robustness of the rightward P8-P7 beta2 
asymmetry finding. This speculation also suggests that rightward 
P8-P7 beta2 asymmetry and possibly reduced coordination of 
P8-P7 and TP8-TP7 beta2 asymmetry may generally index poor 
task-directed brain function in ADHD (i.e., a convergent deficit 
effect) (11). 

ADDITIONAL CONSIDERATIONS 

The notion of abnormal functioning and/or coordination of both 
applied and state setting attentional operations in ADHD is well 
aligned with several recognized domains of ADHD pathology. For 
instance, abnormal norepinephrine (NE) function is implicated 
in ADHD (116), and top-down regulation of the brain-stem locus 
coeruleus, which is the primary source of dense NE projections 
to the RH parietal cortex (117), is critical for shifting between 
fixed and flexible attentional states (118, 119). Hence, this system 
may be relevant to the discussed attentional-state setting aspects 
of rightward parietal asymmetry in ADHD. 

Furthermore, ADHD has been associated with abnormal net- 
work functioning (default mode, dorsal and ventral attention, and 
fronto-parietal), which implicates abnormal parietal brain func- 
tion (58, 120). Although the default mode network (DMN) was 
previously considered as a task-negative system (121), it is now 
understood to play a role in self- referential aspects of cogni- 
tion (122) and internal aspects of task-directed brain function 
(123, 124), including VWM (125). There are even indications 
that the DMN plays a regulatory role over task-positive net- 
works (126). Consistent with this, medial frontal and orbitofrontal 



brain regions linked to the DMN (127) are apparent sources of 
top-down regulation of the brain-stem locus coeruleus, which 
as noted, is critical for regulating transitions between controlled 
and flexible attentional and cognitive states (118, 119). It is inter- 
esting to consider that ADHD abnormal DMN function might 
undermine the coordination of additional task-positive networks, 
and thus broadly impact task- directed brain functions, including 
task-directed visual sensory information processing (11). 

Rightward parietal EEC asymmetry in ADHD is also well 
aligned with identified ADHD reduced posterior corpus callosum 
size (42, 128) and function (34, 43-45). The specific region impli- 
cated (the splenium) connects left and right visual and parietal cor- 
tices (129) and undergoes increases of myelination across devel- 
opment that are coincident with a growing capacity to regulate 
lateralized visual functions ( 130). These changes include a progres- 
sion from right-to-left dominance of visual operations (130-132). 
Hence, ADHD abnormal rightward parietal asymmetry might 
reflect some form of deviant maturation of callosal functioning 
that bears on interhemispheric coordination of visual operations, 
possibly resulting in greater RH contribution. Perhaps consistent 
with this, ADHD has been associated with atypical faster left-to- 
right colossal transfer times (45) , larger RH visual cortical volumes 
(41), enhanced ability to inhibit pre-potent LH based stimulus 
responsivity (12), and slow verbal naming speeds (20-27). 

LIMITATIONS 

Although replication of our Eol was highly significant in our initial 
(p = 0.0000 1 ) and full sample (p = 0.00003) and a pattern of right- 
ward asymmetry was evident across all parietal findings, this effect 
was weaker in our intermediate sample alone (i.e., new sample 
of 43 ADHD individuals: p = 0.004, and with medication adjust- 
ment: p = 0.046). There are possible methodological reasons for 
this, such as unidentified variation in recruitment strategies, EEC 
time of day, and/or technician effects over the course of the study 
(approximately 3 years) . However, it is also possible that variability 
in the strength of this effect portends key information. 

We have recently presented a model of ADHD abnormal brain 
function (11), which operationalizes ADHD as poor functioning 
of a distributed set of brain systems that get dynamically integrated 
in service to complex task-directed actions (see Introduction). The 
model supposes that any degradation to this system's operational 
capacity (i.e., no matter the cause) results in less-efficient task- 
directed control over visual sensory encoding, with associated 
increased RH contributions tied to greater processing of task- 
extraneous visual content and/or compensatory attentional effort. 

This framework suggests that atypical rightward asymmetry 
should be broadly reflective of any form of non-optimized task- 
directed brain functioning, and consistent with this, greater RH 
contribution to sensory processing has been reported across multi- 
ple circumstances linked to attention difficulties and that are often 
comorbid with ADHD (e.g., anxiety, depression, sleep deprivation, 
novelty seeking, reading disability, etc.) (60-70), as well as ADHD 
risk factors, such as left handedness (133) and being male (134). 

The model also importantly suggests that rightward parietal 
asymmetry in ADHD is likely to manifest along a continuum 
of severity that reflects different classes of underlying causal 
mechanisms, i.e., from fixed modular deficits, to more subtle 



www.frontiersin.org 



July 2014 | Volume 5 | Article 87 | 13 



Hale et al. 



Abnormal parietal brain function in ADHD 



brain-state derived issues. The currently utilized CPT requires 
prolonged maintenance of a task-oriented state under conditions 
of low-reward and is perhaps well suited to capture ADHD asym- 
metry effects even in the face of such variability. However, optimal 
assessment of rightward parietal asymmetry in ADHD may gener- 
ally require time-extended within subject assessment and/or large 
n-sizes, as was used in our current full sample. In short, we expect 
that the weaker rightward P8-P7 beta2 asymmetry uncovered in 
our intermediate ADHD sample may reflect natural variability 
associated with this effect. We also expect that such variability 
likely underlies the observed small-to-moderate effect sizes that 
were associated with the reported group differences in parietal 
asymmetry. 

There are several additional limitations and/or circumstance 
that should be considered. First, all subjects in the current study, 
ADHD and controls, were the biological parents of children with 
ADHD. This bears the possibility that both groups may represent 
unique variants of adult ADHD and control samples. The ADHD 
group may reflect a particularly heritable ADHD variant, while 
controls may represent a unique group inclined to marry ADHD 
individuals and/or who are perhaps carriers of subclinical ADHD 
qualities. If the latter is true, this may have reduced our ability to 
detect group differences. 

Next, EEG involves multiple sources of measurement (elec- 
trodes) with each producing multiple data components (multi- 
hertz signal), making the issue of multiple testing a central chal- 
lenge. Researchers sometimes average signal across electrodes to 
limit the number of tests, but this sacrifices analytic resolution. 
Another approach, repeated measures ANOVA bears data loss 
issues as data must be available for each level of every included vari- 
able in order for a given subject's data to be utilized, and because of 
channel and/or frequency specific EEG artifact this is a significant 
issue. Linear multilevel modeling can circumvent this problem; 
however, this approach was not utilized in the original study that 
we sought to replicate. 

The original study used univariate ANOVA to test group dif- 
ferences in individual AIs, and due to our specific interest in 
replicating that study's finding we used the same approach. This 
results in many analyses being performed increasing the risk of 
type-1 error. However, we judged that the highly targeted nature 
of our replication analyses and our specific a priori hypothesis of 
rightward parietal asymmetry in ADHD strongly limits this risk, 
and so we did not correct for multiple testing. Moreover, with 
the expanded analyses our primary goal was to identify coher- 
ent patterns of results (in EEG asymmetry and EEG asymmetry 
association to cognition), which also reduces the risk of type-1 
error. In short, we acknowledge that without correcting for mul- 
tiple testing our current results remain vulnerable to type- 1 error. 
However, given the clear patterns within our current findings and 
their alignment with our earlier study results and our a priori 
hypothesis, we feel this possibility is remote. 

Lastly, the original study required a current diagnosis of ADHD, 
whereas this study used a lifetime diagnosis. A lifetime diagnosis 
may include individuals who had childhood ADHD that waned as 
they grew into adults. In our current full sample, this represented 
23 of 90 ADHD subjects (i.e., 67 had current ADHD diagnoses). 
The decision to include ADHD individuals based on a lifetime 



diagnosis reflects a growing awareness that non-persistent ADHD 
may be an important variant form of adult-compensated rather 
than adult- remediated ADHD. That is, recent findings suggest that 
while some ADHD individuals grow to compensate for and/or 
experience diminished clinical symptoms, their brain functioning 
and cognitive abilities may continue to exhibit atypical ADHD- 
linked characteristics (16, 135, 136). Furthermore, in order to 
establish whether rightward parietal EEG asymmetry is a durable 
and general feature of ADHD, we thought it best to try to demon- 
strate this characteristic using the broad lifetime based description 
of the disorder. 

ACKNOWLEDGMENTS 

This work was funded in part by National Institute of Men- 
tal Health Grant MH058277 (Smalley), National Institute of 
Child Health and Human Development Grant HD40275 (San- 
dra K. Loo), National Institute of Neurological Disease and Stroke 
NS054124 (Sandra K. Loo), and by National Institute of Mental 
Health Grant MH082104 (T. Sigi Hale). 

REFERENCES 

1. Desimone R, Duncan J. Neural mechanisms of selective visual attention. Annu 
RevNeurosci (1995) 18:193-222. doi:10.1146/annurev.ne.l8.030195.001205 

2. Baddeley A, Chincotta D, Adlam A. Working memory and the control of 
action: evidence from task switching. } Exp Psychol Gen (2001) 130:641-57. 
doi:10.1037/0096-3445. 130.4.641 

3. Olivers CN, Peters J, Houtkamp R, Roelfsema PR. Different states in visual 
working memory: when it guides attention and when it does not. Trends Cogn 
Sci (2011) 15:327-34. doi:10.1016/j.tics.2011.05.004 

4. de Fockert JW. Beyond perceptual load and dilution: a review of the role of 
working memory in selective attention. Front Psychol (2013) 4:287. doi:10. 
3389/fpsyg.2013.00287 

5. Ghajar J, Ivry RB. The predictive brain state: asynchrony in disorders of atten- 
tion? Neuroscientist (2009) 15:232-42. doi:10.1177/1073858408326429 

6. Kaller CP, Rahm B, Spreer J, Weiller C, Unterrainer JM. Dissociable contribu- 
tions of left and right dorsolateral prefrontal cortex in planning. Cereb Cortex 
(2011) 21:307-17. doi:10.1093/cercor/bhq096 

7. Hochstein S, Ahissar M. View from the top: hierarchies and reverse hierarchies 
in the visual system. Neuron (2002) 36:791-804. doi:10.1016/S0896-6273(02) 
01091-7 

8. Bar M. A cortical mechanism for triggering top-down facilitation in 
visual object recognition. / Cogn Neurosci (2003) 15:600-9. doi:10.1162/ 
089892903321662976 

9. Hickok G, Poeppel D. The cortical organization of speech processing. Nat Rev 
Neurosci (2007) 8:393^02. doi:10.1038/nrn2113 

10. Bressler SL, Tognoli E. Operational principles of neurocognitive networks. Int 
I Psychophysiol (2006) 60:139-48. doi:10.1016/j.ijpsycho.2005.12.008 

11. Hale TS. A distributed effects perspective of dimensionally defined psychiatric 
disorders: and convergent versus core deficit effects in ADHD. Front Psychiatry 
(2014) 5:62. doi:10.3389/fpsyt.2014.00062 

12. Hale TS, McCracken JT, McGough JJ, Smalley SL, Phillips JM, Zaidel E. 
Impaired linguistic processing and atypical brain laterality in adults with 
ADHD. Clin Neurosci Res (2005) 5:255-63. doi:10.1016/j.neuropsychologia. 
2010.08.002 

13. Hale TS, Zaidel E, McGough JJ, Phillips JM, McCracken JT. Atypical brain 
laterality in adults with ADHD during dichotic listening for emotional 
intonation and words. Neuropsychologia (2006) 44:896-904. doi:10.1016/j. 
neuropsychologia.2005.08.014 

14. Hale TS, Loo SK, Zaidel E, Hanada G, Macion J, Smalley SL. Rethink- 
ing a right hemisphere deficit in ADHD. / Atten Disord (2009) 13:3-17. 
doi:10.1 177/1087054708323005 

15. Hale TS, Bookheimer S, McGough JJ, Phillips JM, McCracken JT. Atypical 
brain activation during simple 8t complex levels of processing in adult 
ADHD: an fMRI study. / Atten Disord (2007) 11:125-39. doi:10.1177/ 
1087054706294101 



Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation July 2014 | Volume 5 | Article 87 | 14 



Hale et al. 



Abnormal parietal brain function in ADHD 



16. Hale TS, Smalley SL, Dang J, Hanada G, Macion J, McCracken JT, et al. ADHD 
familial loading and abnormal EEG alpha asymmetry in children with ADHD. 
I Psychiatr Res (2010) 44:605-15. doi:10.1016/j.jpsychires.2009.11.012 

17. Clarke AR, Barry RJ, McCarthy R, Selikowitz M. EEG analysis of children 
with attention-deficit/hyperactivity disorder and comorbid reading disabili- 
ties. J Learn Disabil (2002) 35:276-85. doi:10.1177/002221940203500309 

18. Clarke AR, Barry RJ, Heaven PC, McCarthy R, Selikowitz M, Byrne MK. EEG in 
adults with attention-deficit/hyperactivity disorder. Int J Psychophysiol (2008) 
70: 1 76-83. doi: 10. 1 0 16/j.ijpsycho.2008.07.00 1 

19. Hale TS, Smalley SL, Walshaw PD, Hanada G, Macion J, McCracken JT, et al. 
Atypical EEG beta asymmetry in adults with ADHD. Neuropsychologia (2010) 
48:3532-9. doi:10.1016/j.neuropsychologia.2010.08.002 

20. Semrud-Clikeman M, Guy K, Griffin JD, Hynd GW. Rapid naming deficits in 
children and adolescents with reading disabilities and attention deficit hyper- 
activity disorder. Brain Lang (2000) 75:70-83. doi:10.1006/brln.2000.2337 

21. Tannock R, Martinussen R, Frijters J. Naming speed performance and stim- 
ulant effects indicate effortful, semantic processing deficits in attention- 
deficit/hyperactivity disorder. / Abnorm Child Psychol (2000) 28:237-52. 
doi: 1 0. 1023/A: 1005 19222000 1 

22. Weiler MD, Bernstein JH, Bellinger DC, Waber DP. Processing speed in children 
with attention deficit/hyperactivity disorder, inattentive type. Child Neuropsy- 
chol (2000) 6:218-34. doi:10.1076/chin.6.3.218.3156 

23. Nigg JT, Butler KM, Huang-Pollock CL, Henderson JM. Inhibitory processes 
in adults with persistent childhood onset ADHD. / Consult Clin Psychol (2002) 
70:153-7. doi:10.1037/0022-006X.70.1.153 

24. Rucklidge JJ, Tannock R. Neuropsychological profiles of adolescents with 
ADHD: effects of reading difficulties and gender. / Child Psychol Psychiatry 

(2002) 43:988-1003. doi:10.1111/1469-7610.00227 

25. Stevens J, Quittner AL, Zuckerman JB, Moore S. Behavioral inhibition, self- 
regulation of motivation, and working memory in children with attention 
deficit hyperactivity disorder. Dev Neuropsychol (2002) 21:117-39. doi:10. 
1207/S15326942DN2102_1 

26. Brock SE, Christo C. Digit naming speed performance among children with 
attention-deficit/hyperactivity disorder. Calif School Psychol (2003) 8:115-25. 
doi:10.1007/BF03340900 

27. Willcutt EG, Doyle AE, Nigg JT, Faraone SV, Pennington BE Validity of the 
executive function theory of attention-deficit/hyperactivity disorder: a meta- 
analytic review. Biol Psychiatry (2005) 57:1336. doi:10.1016/j.biopsych.2005. 
02.006 

28. Malone MA, Kershner JR, Siegel L. The effects of methylphenidate on levels of 
processing and laterality in children with attention deficit disorder. / Abnorm 
ChildPsychol (1988) 16:379-95. doi:10.1007/BF00914170 

29. Cohen MS, Kosslyn SM, Breiter HC, Digirolamo GJ, Thompson WL, 
Bookheimer SY, et al. Changes in cortical activity during mental rotation: a 
mapping study using functional magnetic resonance imaging. Brain (1996) 
119:89-100. doi:10.1093/brain/119.1.89 

30. Zametkin AJ, Nordahl TE, Gross M, King AC, Semple WE, Rumsy J, et al. Cere- 
bral glucose metabolism in adults with hyperactivity of childhood onset. N 
Engl JMed (1990) 323:1361-6. doi:10.1056/NEJM199011153232001 

31. Zametkin AJ, Liebenauer LL, Fitzgerald GA, King AC, Minkunas DV, Herscov- 
itch P, et al. Brain metabolism in teenagers with attention-deficit hyperactivity 
disorder. Arch Gen Psychiatry (1993) 50:333-40. doi:10.1001/archpsyc.l993. 
01820170011002 

32. Seig KG, Gaffney GR, Preston DF, Jellings JA. SPECT brain imaging abnormal- 
ities in attention deficit hyperactivity disorder. Clin Nucl Med (1995) 20:55-60. 
doi:10.1097/00003072- 199501000-00014 

33. Ernst M, Zametkin AJ, Matochik JA, Jons PH, Cohen RM. DOPA decarboxy- 
lase activity in attention deficit hyperactivity disorder adults. A [fluorine- 
18]fluorodopa positron emission tomographic study. / Neurosci (1998) 
18:5901-7. 

34. Chabot RJ, Serfontein G. Quantitative electroencephalographic profiles of chil- 
dren with attention deficit disorder. Biol Psychiatry (1996) 40:951-63. 

35. Baving L, Laucht M, Schmidt MH. Atypical frontal brain activation in ADHD: 
preschool and elementary school boys and girls. / Am Acad Child Adolesc Psy- 
chiatry (1999) 38:1363-71. doi:10.1097/00004583-199911000-00010 

36. Swartwood JN, Swartwood MO, Lubar JF, Timmermann DL. EEG differences 
in ADHD-combined type during baseline and cognitive tasks. Pediatr Neurol 

(2003) 28:199-204. doi:10.1016/S0887-8994(02)00514-3 



37. Hale TS, Smalley SL, Hanada G, Macion J, McCracken JT, McGough JJ, et al. 
Atypical alpha asymmetry in adults with ADHD. Neuropsychologia (2009) 
47:2082-8. doi:10.1016/j.neuropsychologia.2009.03.021 

38. Silk TJ, Vance A, Rinehart N, Bradshaw JL, Cunnington R. White-matter abnor- 
malities in attention deficit hyperactivity disorder: a diffusion tensor imaging 
study. Hum Brain Mapp (2009) 30:2757-65. doi:10.1002/hbm.20703 

39. Li Q, Sun J, Guo L, Zang Y, Feng Z, Huang X, et al. Increased fractional 
anisotropy in white matter of the right frontal region in children with 
attention-deficit/hyperactivity disorder: a diffusion tensor imaging study. 
Neuro Endocrinol Lett (2010) 31:747-53. 

40. Li X, Jiang J, Zhu W, Yu C, Sui M, Wang Y, et al. Asymmetry of prefrontal 
cortical convolution complexity in males with attention-deficit/hyperactivity 
disorder using fractal information dimension. Brain Dev (2007) 29:649-55. 
doi:10.1016/j.braindev.2007.04.008 

41. Wang J, Jiang T, Cao Q, Wang Y. Characterizing anatomic differences in boys 
with attention-deficit/hyperactivity disorder with the use of deformation- 
based morphometry. AJNR Am J Neuroradiol (2007) 28:543-7. 

42. Seidman LJ, Valera EM, Makris N. Structural brain imaging of attention- 
deficit/hyperactivity disorder. Biol Psychiatry (2005) 57:1263-72. doi:10.1016/ 
j.biopsych.2004.11.019 

43. Barry RJ, Clarke AR, McCarthy R, Selikowitz M, Johnstone SJ. EEG 
coherence adjusted for inter-electrode distance in children with attention- 
deficit/hyperactivity disorder. Int J Psychophysiol (2005) 58:12-20. doi:10.1016/ 
j.ijpsycho.2005.03.005 

44. Clarke AR, Barry RJ, McCarthy R, Selikowitz M, Johnstone SJ, Hsu CI, 
et al. Coherence in children with attention-deficit/hyperactivity disorder and 
excess beta activity in their EEG. Clin Neurophysiol (2007) 118:1472-9. 
doi:10.1016/j.clinph.2007.04.006 

45. Rolfe MH, Kirk IJ, Waldie KE. Interhemispheric callosal transfer in adults with 
attention-deficit/hyperactivity disorder: an event-related potential study. Neu- 
roreport (2007) 18:255-9. doi:10.1097/WNR.0b013e328011e6f9 

46. Tamm L, Menon V, Reiss AL. Parietal attentional system aberrations dur- 
ing target detection in adolescents with attention deficit hyperactivity dis- 
order: event-related fMRI evidence. Am J Psychiatry (2006) 163:1033^3. 
doi:10.1176/appi.ajp.l63.6.1033 

47. Banich MT, Burgess GC, Depue BE, Ruzic L, Bidwell LC, Hitt-Laustsen 
S, et al. The neural basis of sustained and transient attentional control in 
young adults with ADHD. Neuropsychologia (2009) 47:3095-104. doi:10.1016/ 
j.neuropsychologia.2009.07.005 

48. Rubia K, Cubillo A, Smith AB, Woolley J, Heyman I, Brammer MJ. Disorder- 
specific dysfunction in right inferior prefrontal cortex during two inhibi- 
tion tasks in boys with attention-deficit hyperactivity disorder compared to 
boys with obsessive-compulsive disorder. Hum Brain Mapp (2010) 31:287-99. 
doi:10.1002/hbm.20864 

49. Cubillo A, Halari R, Smith A, Taylor E, Rubia K. A review of fronto-striatal 
and fronto-cortical brain abnormalities in children and adults with atten- 
tion deficit hyperactivity disorder (ADHD) and new evidence for dysfunc- 
tion in adults with ADHD during motivation and attention. Cortex (2012) 
48:194-215. doi:10.1016/j.cortex.201 1.04.007 

50. Casey BJ, Castellanos FX, Geidd JN, Marsh WL, Hamburger SD, Schubert AB, 
et al. Implications of right frontostriatal circuitry in response inhibition and 
attention-deficit/hyperactivity disorder. / Am Acad Child Adolesc Psychiatry 
(1997) 36:374-83. doi:10.1097/00004583-199703000-00016 

51. Matero M, Garcia-Sanchez C, Junque C, Estevez-Gonzalez A, Pujol J. Mag- 
netic resonance imaging measurements of the caudate nucleus in adoles- 
cents with attention-deficit hyperactivity disorder and its relationship with 
neuropsychological and behavioral measures. Arch Neurol (1997) 54:963-8. 
doi: 1 0. 1001/archneur. 1997.00550200027006 

52. Ernst M, Kimes AS, London ED, Matochik JA, Eldreth D, Tata S, et al. Neural 
substrates of decision making in adults with attention deficit hyperactivity dis- 
order. Am J Psychiatry (2003) 160:1061-70. doi:10.1176/appi.ajp.l60.6.1061 

53. Hill DE, Yeo RA, Campbell RA, Hart B, Vigil J, Brooks W. Magnetic resonance 
imaging correlates of attention-deficit/hyperactivity disorder in children. Neu- 
ropsychology (2003) 17:496-506. doi:10.1037/0894-4105.17.3.496 

54. Yeo RA, Hill DE, Campbell RA, Vigil J, Petropoulos H, Hart B, et al. Proton 
magnetic resonance spectroscopy investigation of the right frontal lobe in chil- 
dren with attention-deficit/hyperactivity disorder. / Am Acad Child Adolesc 
Psychiatry (2003) 42:303-10. doi:10.1097/00004583-200303000-00010 



www.frontiersin.org 



July 2014 | Volume 5 | Article 87 | 15 



Hale et al. 



Abnormal parietal brain function in ADHD 



55. Vaidya CJ, Bunge SA, Dudukovic NM, Zalecki CA, Elliott GR, Gabrieli JD. 
Altered neural substrates of cognitive control in childhood ADHD: evi- 
dence from functional magnetic resonance imaging. Am I Psychiatry (2005) 
162:1605-13. doi:10.1176/appi.ajp.!62.9. 1605 

56. Casey BJ, Epstein JN, Buhle J, Liston C, Davidson MC, Tonev ST, et al. Fron- 
tostriatal connectivity and its role in cognitive control in parent-child dyads 
with ADHD. Am J Psychiatry (2007) 164:1729-36. doi:10.1176/appi.ajp.2007. 
06101754 

57. Burgess GG Depue BE, Ruzic L, Willcutt EG, Du YP, Banich MT. Attentional 
control activation relates to working memory in attention-deficit/hyperactivity 
disorder. Biol Psychiatry (2010) 67:632^0. doi:10.1016/j.biopsych.2009.10.036 

58. Cortese S, Kelly C, Chabernaud C, Proal E, Di Martino A, Milham MP, et al. 
Toward systems neuroscience of ADHD: a meta-analysis of 55 fMRI studies. 
Am J Psychiatry (2012) 169:1038-55. doi:10.1176/appi.ajp.2012. 11101521 

59. Fassbender C, Schweitzer JB. Is there evidence for neural compensation in 
attention deficit hyperactivity disorder? A review of the functional neuroimag- 
ing literature. C/mPsyc/io/ Rev (2006) 26:445-65. doi:10.1016/j.cpr.2006.01.003 

60. Goldberg E, Podell K, Lovell M. Lateralization of frontal lobe functions and 
cognitive novelty. / Neuropsychiatry Clin Neurosci (1994) 6:371-8. 

61. Drummond SP, Meloy MJ, Yanagi MA, Orff HJ, Brown GG. Compensatory 
recruitment after sleep deprivation and the relationship with performance. 
Psychiatry Res (2005) 140:211-23. doi:10.1016/j.pscychresns.2005.06.007 

62. Lynn DE, Lubke G, Yang M, McCracken JT, McGough JJ, Ishii J, et al. Tempera- 
ment and character profiles and the dopamine D4 receptor gene in ADHD. Am 
J Psychiatry (2005) 162:906-13. doi:10.1176/appi.ajp.l62.5.906 

63. Ferreira C, Deslandes A, Moraes H, Cagy M, Basile LF, Piedade R, et al. The 
relation between EEG prefrontal asymmetry and subjective feelings of mood 
following 24 hours of sleep deprivation. Arq Neuropsiquiatr (2006) 64:382-7. 
doi: 10. 1 590/S0004- 282X2006000300006 

64. Cho SC, Hwang JW, Lyoo IK, Yoo HJ, Kin BN, Kim JW. Patterns of tempera- 
ment and character in a clinical sample of Korean children with attention- 
deficit hyperactivity disorder. Psychiatry Clin Neurosci (2008) 62:160-6. doi: 
10. 1 1 1 1/j. 1440- 1819.2008.01749.x 

65. Shaywitz SE, Shaywitz BA. Paying attention to reading: the neurobiology 
of reading and dyslexia. Dev Psychopathol (2008) 20:1329-49. doi:10.1017/ 
S0954579408000631 

66. Engdahl B, Leuthold AC, Tan HR, Lewis SM, Winskowski AM, Dikel TN, et al. 
Post-traumatic stress disorder: a right temporal lobe syndrome? / Neural Eng 
(2010) 7:066005. doi:10.1088/1741-2560/7/6/066005 

67. Hecht D. Depression and the hyperactive right-hemisphere. Neurosci Res 
(2010) 68:77-87. doi:10.1016/j.neures.2010.06.013 

68. Bubic A, Von Cramon DY, Schubotz RI. Exploring the detection of asso- 
ciatively novel events using fMRI. Hum Brain Mapp (2011) 32:370-81. 
doi:10.1002/hbm.21027 

69. Geissler J, Lesch KP. A lifetime of attention-deficit/hyperactivity disorder: diag- 
nostic challenges, treatment and neurobiological mechanisms. Expert Rev Neu- 
rother (2011) 11:1467-84. doi:10.1586/ern.ll.l36 

70. Ganelin-Cohen E, Ashkenasi A. Disordered sleep in pediatric patients with 
attention deficit hyperactivity disorder: an overview. Isr Med Assoc J (2013) 
15:705-9. 

71. Rippon G, Brunswick N. Trait and state EEG indices of information pro- 
cessing in developmental dyslexia. Int J Psychophysiol (2000) 36:251-65. 
doi:10.1016/S0167-8760(00)00075-l 

72. Wrobel A. Beta activity: a carrier for visual attention. Acta Neurobiol Exp (2000) 
60:247-60. 

73. Bekisz M, Wrobel A. Attention-dependent coupling between beta activities 
recorded in the cat's thalamic and cortical representations of the central 
visual field. Eur J Neurosci (2003) 17:421-6. doi:10.1046/j.l460-9568.2003. 
02454.x 

74. Deiber MP, Missonnier P, Bertrand O, Gold G, Fazio-Costa L, Ibanez V, et al. 
Distinction between perceptual and attentional processing in working memory 
tasks: a study of phase-locked and induced oscillatory brain dynamics. / Cogn 
Neurosci (2007) 19:158-72. doi:10.1162/jocn.2007.19.1.158 

75. Ray WJ, Cole HW. EEG alpha activity reflects attentional demands, and beta 
activity reflects emotional and cognitive processes. Science (1985) 228:750-2. 
doi:10.1126/science.3992243 

76. Schutter D J, Putman P, Hermans E, Van Honk J. Parietal electroencephalogram 
beta asymmetry and selective attention to angry facial expressions in healthy 



human subjects. Neurosci Lett (2001) 314:13-6. doi:10.1016/S0304-3940(01) 
02246-7 

77. Smalley SL, McGough JJ, Del'homme M, Newdelman J, Gordon E, Kim T, 
et al. Familial clustering of symptoms and disruptive behaviors in multiplex 
families with attention-deficit/hyperactivity disorder. J Am Acad Child Adolesc 
Psychiatry (2000) 39:1135-43. doi:10.1097/00004583-200009000-00013 

78. Loo SK, Hopfer C, Teale PD, Reite ML. EEG correlates of methylphenidate 
response in ADHD: association with cognitive and behavioral measures. / Clin 
Neurophysiol (2004) 21:457-64. doi:10.1097/01.WNP.0000150890.14421.9A 

79. Fyer AJ, Endicott J, Mannuzza S, Klein DF. The Schedule for Affective Disorders 
and Schizophrenia-Lifetime Version, Modified for the Study of Anxiety Disorder 
1985, Updated for DSM-IV (SADS-LA-IV). New York, NY: Anxiety Genetics 
Unit, New York State Psychiatric Institute (1995). 

80. Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. Schedule for 
affective disorders and schizophrenia for school-age children-present and life- 
time version (K-SADS-PL): initial reliability and validity data. J Am Acad Child 
Adolesc Psychiatry (1997) 36:980-8. doi:10.1097/00004583-199707000-00021 

81. Leckman JF, Sholomskas D, Thompson WD, Belanger A, Weissman MM. Best 
estimate of lifetime psychiatric diagnosis: a methodological study. Arch Gen 
Psychiatry (1982) 39:879-83. doi:10.1001/archpsyc.l982.04290080001001 

82. Oldfield RC. Assessment and analysis of handedness: the Edinburgh inventory. 
Neuropsychologia (1971) 19:97-113. doi:10.1016/0028-3932(71)90067-4 

83. Conners KC, Staff M. Conners' Continuous Performance Test (CPT II). North 
Tonawanda, NY: Multi-Health Systems Inc (2002). 

84. Welch P. The use of fast Fourier transform for the estimation of power spectra: 
a method based on time averaging over short, modified periodograms. IEEE 
Trans Acoust (1967) 15:70-3. doi:10.1109/TAU.1967.1161901 

85. Conners CK, Epstein JN, Angold A, Klaric J. Continuous Performance Test 
performance in a normative epidemiological sample. / Abnorm Child Psychol 
(2003) 31:555-62. doi:10.1023/A:1025457300409 

86. Fisher RA. Frequency distribution of the values of the correlation coefficient in 
samples from an indefinitely large population. Biometrika (1915) 10:507-21. 

87. Wechsler D. Wechsler Intelligence Scale - Revised. San Antonio, TX: Psycholog- 
ical Corporation (1981). 

88. Glahn DC, Therman S, Manninen M, Huttunen M, Kaprio J, Lonnqvist J, et al. 
Spatial working memory as an endophenotype for schizophrenia. Biol Psychi- 
atry (2003) 53:624-6. doi:10.1016/S0006-3223(02)01641-4 

89. Stroop JR. Studies of interference in serial verbal reactions. / Exp Psychol Gen 
(1935) 18:643-62. doi:10.1037/h0054651 

90. Golden C. Stroop Color and Word Test: A Manual for Clinical and Experimental 
Uses. Chicago, IL: Skoelting (1978). 

91. Crowe SF. The differential contribution of mental tracking, cognitive flexibil- 
ity, visual search, and motor speed to performance on parts A and B of the 
Trail Making Test. / Clin Psychol (1998) 54:585-91. doi:10.1002/(SICI)1097- 
4679(199808)54:5<585::AID-JCLP4>3.3.CO;2-M 

92. Brown MB, Giandenoto MJ, Bolen LM. Diagnosing written language disabil- 
ities using the Woodcock-Johnson tests of educational achievement-revised 
and the Wechsler individual achievement test. Psychol Rep (2000) 87:197-204. 
doi:10.2466/PR0.87.5.197-204 

93. Sattler JM, Feldman GI. Comparison of 1965, 1976, and 1978 norms for the 
wide range achievement test. Psychol Rep (1981) 49:115-8. doi:10.2466/pr0. 
1981.49.1.115 

94. Crow TJ, Crow LR, Done DJ, Leask S. Relative hand skill predicts academic 
ability: global deficits at the point of hemispheric indecision. Neuropsychologia 
(1998) 36:1275-82. 

95. Orban GA, Van Essen D, Vanduffel W. Comparative mapping of higher 
visual areas in monkeys and humans. Trends Cogn Sci (2004) 8:315-24. 
doi:10.1016/j.tics.2004.05.009 

96. Hagmann P, Cammoun L, Gigandet X, Meuli R, Honey CJ, Wedeen VJ, et al. 
Mapping the structural core of human cerebral cortex. PLoSBiol (2008) 6:el59. 
doi:10.1371/journal.pbio.0060159 

97. Singh-Curry V, Husain M. The functional role of the inferior parietal lobe in 
the dorsal and ventral stream dichotomy. Neuropsychologia (2009) 47:1434-48. 
doi:10.1016/j.neuropsychologia.2008. 11.033 

98. Milner AD, Goodale MA. The Visual Brain in Action. New York, NY: Oxford 
University Press (1995). 

99. Milner AD, Goodale MA. Two visual systems re-viewed. Neuropsychologia 
(2008) 46:774-85. doi:10.1016/j.neuropsychologia.2007.10.005 



Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation 



July 2014 | Volume 5 | Article 87 | 16 



Hale et al. 



Abnormal parietal brain function in ADHD 



100. Segal E, Petrides M. The anterior superior parietal lobule and its interactions 
with language and motor areas during writing. Eur JNeurosci (2012) 35:309-22. 
doi: 10. 1 1 1 1/j. 1460- 9568.20 1 1 .07937.x 

101. Mort DJ, Malhotra P, Mannan SK, Rorden C, Pambakian A, Kennard C, et al. 
The anatomy of visual neglect. Brain (2003) 126:1986-97. doi:10.1093/brain/ 
awg200 

102. Pazzaglia M, Smania N, Corato E, Aglioti SM. Neural underpinnings of gesture 
discrimination in patients with limb apraxia. J Neurosci (2008) 28:3030-41. 
doi:10.1523/JNEUROSCI.5748-07.2008 

103. Carter RM, Huettel SA. A nexus model of the temporal-parietal junction. 
Trends Cogn Sci (2013) 17:328-36. doi:10.1016/j.tics.2013.05.007 

104. Geng JJ, Vossel S. Re-evaluating the role of TPJ in attentional control: contextual 
updating? Neurosci Biobehav Rev (2013) 37:2608-20. doi:10.1016/j.neubiorev. 
2013.08.010 

105. Liang H, Bressler SL, Ding M, Truccolo WA, Nakamura R. Synchronized activity 
in prefrontal cortex during anticipation of visuomotor processing. Neuroreport 
(2002) 13:2011-5. doi:10.1097/00001756-200211150-00004 

106. Senkowski D, Molholm S, Gomez-Ramirez M, Foxe JJ. Oscillatory beta activ- 
ity predicts response speed during a multisensory audiovisual reaction time 
task: a high-density electrical mapping study. Cereb Cortex (2006) 16:1556-65. 
doi: 1 0. 1 093/cercor/bhj09 1 

107. Barry RJ, Clarke AR, Johnstone SJ, Magee CA, Rushby JA. EEG differences 
between eyes-closed and eyes-open resting conditions. Neurophysiol Clin 
(2007) 118:2765-73. doi:10.1016/j.clinph.2007.07.028 

108. von Stein A, Sarnthein J. Different frequencies for different scales of cortical 
integration: from local gamma to long range alpha/theta synchronization. Int 
J Psychophysiol (2000) 38:301-13. doi:10.1016/S0167-8760(00)00172-0 

109. Sterman MB. Basic concepts and clinical findings in the treatment of seizure 
disorders with EEG operant conditioning. Clin Electroencephalogr (2000) 
31:45-55. 

110. Barkley RA. Behavioral inhibition, sustained attention, and executive func- 
tions: construction a unifying theory of ADHD. Psychol Bull (1997) 121:65-94. 
doi: 10. 1037/0033- 2909. 12 1 . 1 .65 

111. Faillenot I, Sakata H, Costes N, Decety J, Jeannerod M. Visual working mem- 
ory for shape and 3D-orientation: a PET study. Neuroreport (1997) 8:859-62. 
doi:10.1097/00001756- 199703030-00010 

112. Roberts JE, Bell MA. The effects of age and sex on mental rotation perfor- 
mance, verbal performance, and brain electrical activity. Dev Psychobiol (2002) 
40:391-407. doi:10.1002/dev.l0039 

113. Halari R, Sharma T, Hines M, Andrew C, Simmons A, Kumari V. Compara- 
ble fMRI activity with differential behavioural performance on mental rotation 
and overt verbal fluency tasks in healthy men and women. Exp Brain Res (2006) 
169:1-14. doi:10.1007/s00221-005-0118-7 

114. Gogos A, Gavrilescu M, Davison S, Searle K, Adams J, Rossell SL, et al. Greater 
superior than inferior parietal lobule activation with increasing rotation angle 
during mental rotation: an fMRI study. Neuropsychologia (2010) 48:529-35. 
doi:10.1016/j.neuropsychologia.2009.10.013 

115. de Hevia MD, Vallar G, Girelli L. Visualizing numbers in the mind's eye: the role 
of visuo-spatial processes in numerical abilities. Neurosci Biobehav Rev (2008) 
32:1361-72. doi:10.1016/j.neubiorev.2008.05.015 

116. Pliszka SR. The neuropsychopharmacology of attention-dencit/hyperactivity 
disorder. Biol Psychiatry (2005) 57:1385-90. doi:10.1016/j.biopsych.2004.08. 
026 

117. Foote SL, Morrison JH. Development of the noradrenergic, serotonergic, and 
dopaminergic innervation of neocortex. Curr Top Dev Biol (1987) 21:391-423. 
doi:10.1016/S0070-2153(08)60145-3 

118. Aston-Jones G, Cohen JD. An integrative theory of locus coeruleus- 
norepinephrine function: adaptive gain and optimal performance. Annu Rev 
Neurosci (2005) 28:403-50. doi:10.1146/annurev.neuro.28.061604.135709 

119. Howells FM, Stein DJ, Russell VA. Synergistic tonic and phasic activity 
of the locus coeruleus norepinephrine (LC-NE) arousal system is required 
for optimal attentional performance. Metab Brain Dis (2012) 27:267-74. 
doi:10.1007/sll011-012-9287-9 

120. Castellanos FX, Proal E. Large-scale brain systems in ADHD: beyond the 
prefrontal-striatal model. Trends Cogn Sci (2012) 16:17-26. doi:10.1016/j.tics. 
2011.11.007 

121. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. The 
human brain is intrinsically organized into dynamic, anticorrelated functional 



networks. Proc Natl Acad Sci USA (2005) 102:9673-8. doi:10.1073/pnas. 
0504136102 

122. Spreng RN. The fallacy of a "task-negative" network. Front Psychol (2012) 
3:145. doi:10.3389/fpsyg.2012.00145 

123. Hampson M, Driesen NR, Skudlarski P, Gore JC, Constable RT. Brain connec- 
tivity related to working memory performance. JNeurosci (2006) 26:13338-43. 
doi: 1 0. 1523/JNEUROSCI.3408- 06.2006 

124. Wang Z, Liu J, Zhong N, Qin Y, Zhou H, Li K. Changes in the brain intrin- 
sic organization in both on-task state and post-task resting state. Neuroimage 
(2012) 62:394^07. doi:10.1016/j.neuroimage.2012.04.051 

125. Yakushev I, Chetelat G, Fischer FU, Landeau B, Bastin C, Scheurich A, et al. 
Metabolic and structural connectivity within the default mode network relates 
to working memory performance in young healthy adults. Neuroimage (2013) 
79:184-90. doi:10.1016/j.neuroimage.2013.04.069 

126. Uddin LQ, Kelly AM, Biswal BB, Castellanos FX, Milham MP. Functional con- 
nectivity of default mode network components: correlation, anticorrelation, 
and causality. Hum BrainMapp (2009) 30:625-37. doi:10.1002/hbm.20531 

127. Yeo BTT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead M, 
et al. The organization of the human cerebral cortex estimated by intrinsic 
functional connectivity. J Neurophysiol (2011) 106(3):1 125-65. doi:10.1152/ 
jn.00338.2011 

128. Valera EM, Faraone SV, Murray KE, Seidman LJ. Meta-analysis of structural 
imaging findings in attention-deficit/hyperactivity disorder. Biol Psychiatry 
(2007) 61:1361-9. doi:10.1016/j.biopsych.2006.06.011 

129. Putnam MC, Steven MS, Doron KW, Riggall AC, Gazzaniga MS. Cortical pro- 
jection topography of the human splenium: hemispheric asymmetry and indi- 
vidual differences. / Cogn Neurosci (2010) 22:1662-9. doi:10.1162/jocn.2009. 
21290 

130. Knyazeva MG. Splenium of corpus callosum: patterns of interhemispheric 
interaction in children and adults. Neural Plast (2013) 2013:639430. doi:10. 
1155/2013/639430 

131. Seger CA, Poldrack RA, Prabhakaran V, Zhao M, Glover GH, Gabrieli JD. 
Hemispheric asymmetries and individual differences in visual concept learn- 
ing as measured by functional MRI. Neuropsychologia (2000) 38:1316-24. 
doi:10.1016/S0028-3932(00)00014-2 

132. Franklin A, Drivonikou GV, Clifford A, Kay P, Regier T, Davies IR. Lateraliza- 
tion of categorical perception of color changes with color term acquisition. 
Proc Natl Acad Sci USA (2008) 105:18221-5. doi:10.1073/pnas.0809952105 

133. Reid HM, Norvilitis JM. Evidence for anomalous lateralization across domain 
in ADHD children as well as adults identified with the Wender Utah Rating 
Scale. / Psychiatr Res (2000) 34:311-6. doi:10.1016/S0022-3956(00)00027-3 

134. Joseph R. The evolution of sex differences in language, sexuality, and visual- 
spatial skills. Arch SexBehav (2000) 29:35-66. doi:10.1023/A:1001834404611 

135. Mattfeld AT, Gabrieli JD, Biederman J, Spencer T, Brown A, Kotte A, et al. Brain 
differences between persistent and remitted attention deficit hyperactivity dis- 
order. Brain (2014). doi:10.1093/brain/awul37 

136. McAuley T, Crosbie J, Charach A, Schachar R. The persistence of cognitive 
deficits in remitted and unremitted ADHD: a case for the state-independence 
of response inhibition. / Child Psychol Psychiatry (2014) 55:292-300. doi:10. 
llll/jcpp.12160 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 25 April 2014; accepted: 07 July 2014; published online: 24 July 2014. 
Citation: Hale TS, Kane AM, Tung KL, Kaminsky O, McGough JJ, Hanada G 
and Loo SK (2014) Abnormal parietal brain function in ADHD: replication and 
extension of previous EEG beta asymmetry findings. Front. Psychiatry 5:87. doi: 
10.3389/fpsyt.2014.00087 

This article was submitted to Neuropsychiatric Imaging and Stimulation, a section of 
the journal Frontiers in Psychiatry. 

Copyright © 2014 Hale, Kane, Tung, Kaminsky, McGough, Hanada and Loo. This is 
an open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) or licensor are credited and that the original publica- 
tion in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms. 



www.frontiersin.org 



July 2014 | Volume 5 | Article 87 | 17 



